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Cationic phosphine complexes of the group 9 metals rhodium and iridium have been 
synthesised and their catalytic activity investigated. The iridium fragments 
{Ir(PR.3)2H2}+, where R3 = PI13 or Me2Ph, have been partnered with the anions 
[closo-CBnH6Cl6]~, [c/os0 -CBnH6Br6] \ [closo-CBuHM' and [BArF4]' and the 
resulting solid-state and solution structures have been studied by a variety of 
techniques. The effects of the choice of anion on catalytic activity towards the 
hydrogenation of olefins have been studied, and hence highlight the stabilising effect 
of the carborane anions towards the iridium fragments at low or zero olefin 
concentration. This effect is shown to be optimal for the [c7cw?-CBnH6Br6]" anion, as 
[closo-CBu U6C\6Y or [BArF4]' is found to interact less with the iridium fragment in 
solution, offering little stability. By contrast, the [closo-CB]]HM  is shown to bind 
too strongly for the catalysis to occur.
The result of “light” stabilisation of unsaturated fragments {Rh(DPEphos)}+ (where 
DPEphos = hemilabile ligand) has been studied, and the activity of these fragments 
towards hydroacylation of aldehydes and alkenes has been investigated. The entire 
hydroacylation catalytic cycle has been determined which highlights the importance 
of the hemilabile nature of the DPEphos ligand. The ligand stabilises the acyl-hydride 
intermediate towards decarbonylation, which is a common deactivation pathway for 
hydroacylation catalysts, by occupation of an otherwise vacant site on the rhodium via 
coordination of the oxygen atom. Systematic variation of the DPEphos ligand has 
also been investigated and the consequent effects on catalytic activity observed.
In both systems the catalyst is stabilised towards decomposition by the occupation of 
a vacant site on the metal. For the iridium hydrogenation system this is by anion 




This thesis involves the study of “operationally unsaturated” cationic group 9 metal 
complexes. The generation and protection of these vacant sites are explored in two 
catalytic systems: alkene hydrogenation and hydroacylation. The complexes studied 
involve phosphines as ligands, either as monodentate ligands or as bis-phosphine 
ligands with a heteroatom giving hemilabile binding capacity in the latter case. Also 
involved are hydride ligands, weakly coordinating anions and fundamental steps from 
catalytic processes such as oxidative addition, particularly C-H activation, and 
reductive elimination. This introduction will therefore cover the background to all 
these areas.
1.2 Group 9 Metals
For all group 9 metals, the most prolific oxidation state is +3 as this gives a low spin 
d6 electronic configuration and therefore octahedral complexes.1, 2 Complexes of 
rhodium(III) are usually derived directly or indirectly from RhCl3.3H20 and those of 
iridium from [NFLiMIrCle] or IrCl3. Stable complexes such as [ M ^ O ^ ] 3', 
[M(acac)3] and [M(CN)6]3" are formed by all three group 9 metals and studies of 
[M(CN)6]3' show that M-C bond strengths increase in the order Co < Rh < Ir. 
Similarities end here however as cobalt(III) ions are considered as “hard” acids which 
form their most stable complexes with N, O or F containing ligands. Rhodium(III) and 
iridium(ni), however, are known as “soft” acids which form their most stable 
complexes with the heavier elements of groups 15, 16 or 17, for example rhodium and 
iridium coordinate particularly well with P donor ligands, such as phosphines.1
1
For rhodium and iridium oxidation state +1 is also very common.2 Square planar 
complexes of rhodium and iridium readily undergo oxidative addition reactions to 
give Rh(III) and Ir(III) octahedral complexes,3 the reverse of which, reductive 
elimination, is equally facile. This ability to access different oxidation states makes 
these metal ions particularly useful in catalysis. Generally iridium forms stronger 
bonds to ligands than rhodium which can sometimes have a detrimental effect on 
catalysis but can mean that intermediates not observed with rhodium can be isolated 
with iridium.4 The catalytic application of these metals, partnered with phosphine 
ligands, is investigated in this work.
1.3 Phosphines as ligands
Phosphines, PR3, are exceptionally useful ligands in organometallic chemistry as they 
are one of a few series of ligands which can be altered systematically to give a variety 
of steric and electronic properties. This is achieved by simply changing the R group. 
Phosphines are similar to NH3 as they bind to a metal centre via o donation of a lone 
pair of electrons. However, unlike NH3, they can also act as 7t-acceptor ligands in a 
similar way to a CO ligand. In the case of CO the orbital that accepts the electrons 
from the metal is the 7 1 *  orbital but in phosphines it has been shown to be the o* 
orbitals of the P-R bonds,4'6 a molecular orbital picture of this interaction is shown in 
Figure 1.1.
2
Figure 1.1 Backdonation o f electrons in the metal d-orbital to the o*  orbital o f the P-R bond.
The ;i acceptor ability varies with the nature of the R group, with alkyl phosphines 
showing only weak n acceptor ability but PF3 having n acidity as great as CO. This is 
because the greater the electronegativity difference between phosphorus and the atom 
attached to the phosphorus is, the lower the energy of the P-R o* orbitals become. 
This makes the P-R o* orbitals closer in energy to the phosphorus and means the 
phosphorus contributes more to the o* orbital. This increases the size of the o* lobe 
that points towards the metal so a better overlap with the metal d orbitals is achieved 
(Figure 1.2).
Figure 1.2 Molecular orbital diagrams a for P-C bond compared to a P-F bond.
The order for increasing 71 acidity is:
PMe3« P(NR2) 3 < PAr3 < P(OMe) 3 < P(OAr) 3 < PC13 <CO = PF3.4
This is an important feature of phosphorus ligands as the R substituent can be selected 
to control the electronic nature of the metal centre. This has been quantified by 
Tolman who compared the v(CO) frequencies of Ni(CO)3(PR3) for a range of R 
groups.7 The v(CO) absorption depends upon the electronic effects of the PR3 ligand 
as increasing a  donation from the phosphorus to the metal increases backbonding to 
the CO. This in turn decreases the strength of the CO bond, as more electron density 
is located in the 7t* antibonding orbital and so the v(CO) frequency lowers. Likewise, 
stronger backdonation to the P-R a* orbital lowers electron density on the metal 
therefore lowering back donation to the CO giving higher v(CO) frequencies. The 
effects of various R groups are summarised in Table 1.1.







P[OPh(tBu) 2] 3 2086.1
P(C6F5)3 2090.9
Table 1.1 v(CO) frequencies for Ni(CO)3(PR3) for various R groups.
Another important feature of phosphines is that the steric size can be easily varied by 
the R group attached to the phosphorus atoms. Phosphines are generally quite bulky
4
compared to other ligands, for example CO is particularly small, and so often not 
many phosphine ligands can fit around a metal centre. Phosphines with the larger R 
groups are therefore often used to form low coordinate complexes or complexes with 
smaller, weakly bound ligands which would normally be displaced by a more strongly 
bound ligand. For example, platinum phosphine complexes of the formula Pt(PR3 )4  
with bulky phosphines often dissociate to give 3-coordinate or 2-coordinate 
complexes; PMe3 gives only Pt(PMe3)4, whereas for PCy3 only Pt(PCy3 ) 2  can be 
isolated . 2 Tolman has also quantified the steric effects of phosphines by measurement 
of the cone angle.1 This is obtained from a space filling model of the M-PR3 fragment 
with a fixed M-P distance of 2.28 A. The R groups pushed back as far as they will go 
and then the angle of the cone that will encompass the whole ligand with the apex at 




Figure 1.3 Tolman’s cone angle for measurement of the steric bulk of phosphines.
5








PMe2Ph 1 2 2
Table 1.2 Tolman’s cone angle for various phosphines and phosphites.
1.4 Hydrides and Dihydrogen as Ligands
The study of transition metal hydrides has been an extremely active area of research 
due to the role of hydrides in many catalytic hydrogenation cycles. Hieber was the 
first to report a metal hydride complex with the discovery of H2Fe(CO)4 in 1931 and 
his claim that the compound contained an Fe-H bond remained controversial for many 
years.4 It was not until the period 1955-1964 with the discovery of the complexes 
Cp2ReH, PtHCl(PR.3)2 and K2[ReH9] that the reality of a M-H bond was widely 
accepted.4 ,8
For many years, r)2-H2, or nonclassical hydrides, were thought to be unobservable 
intermediates prior to the formation of the dihydride complex. However, in 1984, 
Kubas9 reported the first examples of isolable transition-metal complexes containing a 




| + H2 I vCO|_|
OC— W ---H  - OC— W*----- 1
Q(S \  L x /  ' H2 q c '  I H
(vacuum or argon) p cy 3
Cy/ - \Cy
Scheme 1.1 Preparation of W(CO)3 (PCy3)2 (tl2-H2)9
Although the first dihydrogen complex was only identified in 1984, Crabtree 
identified in 198510 that several polyhydride complexes prepared as early as 1968 
actually possess an H2 ligand by using T1 measurements, where T 1 is the spin lattice 
relaxation time. This method will be explained in more detail later.
The bonding in dihydrogen ligands can be described as a donation of bonding 
electrons from the H2 a orbital to a suitable metal orbital, and a backdonation of 
electrons from the metal to the o* H2 orbital, which inevitably weakens the H-H bond. 
It has been proposed by Kubas11 that these complexes can be viewed as “arrested” 
oxidative addition of H2 to the metal. Kubas also stated that this arrest can occur 
anywhere along the reaction coordinate depending on the degree of backbonding from 
the metal. These differing degrees of oxidative addition are illustrated in Scheme 1.2.
O.74 A 0.8-0.9A  1 .0-1.2 A 1.36 A >1.6 A
true H2 com plex elongated  H2 com plex dihydride
Scheme 1.2 H-H bond distances from crystallographic data at different stages of oxidative addition.11
7
Examples of elongated H2 complexes have been reviewed by Heinekey12 in which he 
focuses on the complexes with reported H-H distances of 1.1-1.5 A. The first
example of a highly elongated dihydrogen complex to be characterised by neutron 
diffraction studies was the complex [Os(en)2(acetate)(H2)]+ (Figure 1.4) and was 
reported to have a H-H distance of 1.34 ± 0 .0 2  A .13
Figure 1.4 [Os(en)2(acetate)(H2)]+, the first highly elongated dihydrogen complex to be characterised
by neutron diffraction studies.
The delicate nature of the electronic balance which determines the degree of oxidative 
addition means that the choice of metal is a major influence in the likelihood of 
forming a dihydride or a dihydrogen complex. In general, the early transition metals 
tend to completely cleave the H-H bond forming the traditional dihydride complex. 
As you move across the transition series, dihydrogen complexes become more 
abundant, and most common for metals of groups 8-10. Similarly, there are general 
trends within the triads of each group, the heavier metals favouring classical dihydride 
formation. An example that supports this is in the case of [MCp(dppe)H2] 14,15 (Figure 
1.5). When M=Fe or Ru a dihydrogen complex is formed, but the Os complex yields 
a classical dihydride. This can be rationalised by considering the favourable 
M(5d)-H(ls) orbital overlap for third row metals driving oxidative addition to 





Figure 1.5 Dihydride/dihydrogen complexes of group 814’15
The technique developed by Crabtree to reliably distinguish between dihydride and 
dihydrogen complexes is to measure the Ti, or spin lattice, relaxation time in the 
NMR. 16 The Ti of a spin active nucleus can be measured by an inversion-recovery 
pulse sequence. This reveals how rapidly the inverted spins recover their equilibrium 
magnetization along the direction of the applied magnetic field. The dipole-dipole 
mechanism, whereby a given dipolar nucleus is relaxed by other nearby dipolar 
nuclei, is usually the major contributor to the relaxation for protons less than 2  A 
apart. As dihydrogen has a very short H-H distance, the relaxation is highly 
moderated by the neighbouring hydrogen nucleus. The consequence of this is an 
extremely high rate of relaxation and an extremely short Ti value. For dihydrogen 
complexes Ti often lies in the range 1 -1 0 0  ms whereas for dihydrides the values are 
higher, often in the order of 1 second. Modem NMR techniques allow the Ti to be 
measured for each resonance, and so the dihydrogen is easily distinguished from the 
classical hydrides. There are, however, some limitations to this method, for example, 
when the metal has a high gyromagnetic ratio such as that observed for cobalt. This 
causes the attached protons to relax faster meaning that hydrides can show T] times 
more consistent with dihydrogen ligands. 17
9
1.5 Hemilabile Ligands
The term hemilabile was first coined by Jeffrey and Rauchfuss18 in their description of
their phosphine-ether ligands, derived from o-(diphenylphosphino)anisole, PO (Figure
It was their expectation that ligands such as this would bind well enough to the metal 
centre to allow isolation but would readily dissociate the coordinatively labile 
component and generate a vacant site for substrate binding. For the relatively air 
stable ruthenium complex, [RuCl2(PO)2], a crystal structure was obtained where they 
observed weak Ru-O interactions. In solution they observed that the oxygen atoms 
are easily displaced by a variety of ligands including CO and tert-butyl isocyanide. 
This therefore proved the ligand is hemilabile and could have a significant effect on 
the mechanism of catalytic systems that involve such ligands.
Hemilability has been classified by Braunstein into three types. 19 The first, type I, 
correspond to spontaneous opening of the chelate to give binding of a lower denticity 
(Scheme 1.3). This is typically encountered when metal centres have easily variable 
coordination numbers. Ligands other than bidentate ones can also give rise to 
hemilabile behaviour, an example of which is shown in Scheme 1.3.
1.6).
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Scheme 1.3 General mechanism for type I hemilability and an example of where it is observed. ’
Type II involves intramolecular competition with another donor function. These can 
be two chemically identical or chemically different donor functions. The mutual 
exchange is facilitated by the proximity of the uncoordinated donor function and is 


















Scheme 1.4 General mechanism for type II hemilability and an example of where it is observed.
Type III involves the coordination of an external reagent to break the labile 
ligand-metal bond. This can be a small molecule such as CO (Scheme 1.5).
11
Scheme 1.5 General mechanism for type III hemilability19 and an example of where it is observed.22
Hemilabile ligands, including amine-phosphines, phosphine-phosphonates, 
amine-phosphonates and allyl-phosphonates (Figure 1.7), have been partnered with 
rhodium (either with [RhCl(CO)2]2 or [RhCl(cod)]2) by Le Gall et a lP  and the 
hemilabile behaviour of each ligand studied. They observed that in most cases 
complexes containing the mondentate or chelating forms of the ligand can both be 
formed. However, they obtained no evidence for the formation of a chelating 
amine-phosphonate, suggesting that the phosphonate does not interact strongly 
enough with the rhodium centre in this case for the ligand to be termed hemilabile. 
Conversely, they observed that the amine-phosphine ligand consistently binds in a 
bidentate manner, and once bound cannot be displaced by ligands such as CO, so they 




Figure 1.7 Examples of hemilabile ligands.
Chelating phosphane-boranes have been shown by Weller et al.24 to act as hemilabile 
ligands. Manganese complexes bearing the ligand HsB.dppm
(dppm = bis(diphenylphosphanyl)-methane) have been prepared. The complex 
[Mn(CO)3(?/2-H3B.dppm)][BArF4] was isolated and fully characterised showing the 
chelating t^B.dppm ligand to be bound to the complex via an Abridging mode of the 
BH3 group involving B-H-Mn 8 - agostic interactions (as well as via the phosphorus 
atom). Addition of CO to the complex affords [Mn(CO)4(^1-H3B.dppm)][BArF4] in 
which the borane is now bound through a single B-H-Mn 8 - agostic interaction 
(Scheme 1.6). This addition is reversible, demonstrating the hemilabile nature of the 












Scheme 1.6 Hemilabile behaviour of the H3B.dppm ligand.24
Hemilability in phosphino-amino palladium complexes has been investigated by 
Faller et a l showing hemilabile behaviour of the nitrogen donor. On Pd-N bond 
rupture, there follows an umbrella inversion at the nitrogen and subsequent bond 
rotation of the free aryl-NMe2. This is then followed by reassociation giving 
equivalent methyl groups (Scheme 1.7) .25
13
Scheme 1.7 Hemilabile nitrogen group and umbrella inversion to give equivalent methyl groups. 
Other, more unusual hemilabile ligands include quinolyl-cp ligands which have been
0f\synthesised and studied by Kohl et al. The complexes
bis(/72-ethene)[^5-(8 -quinolyl)cyclopentadienyl)]rhodium and iridium have been 
observed as having an uncoordinated nitrogen atom which, on irradiation, coordinates 






Scheme 1.8 The hemilabile quinolyl-cp ligand coordinates to the metal via the nitrogen atom on 
irradiation with light. In the absence of light the complex converts back to the bis ethene complex.26
14
Mirkin et a l have developed novel triple-decker Rh(I) complexes with hemilabile 
ligands that can be chemically opened and closed using small-molecule and elemental 
anion substitution reactions (Scheme 1.9) .27 The choice of hemilabile ligand can tailor 
the complexes formed, for example by changing the oxygen and sulphur atoms around 
in the “closed” complex shown in Scheme 1.9 a different “open” structure is obtained. 
They have also begun to investigate Pt(II) analogues of these complexes in order to 
create more air stable compounds and so extend the scope of utility.28
P h 2 p ‘
\  /  
Rh
/  \ Cl
o— — c LiB(C6F 5)4
cr
Cl P P h ,
\ /
Rh








Scheme 1.9 Triple-decker complexes “opened” and “closed” by halide addition and abstraction.
Pd complexes with ligands such as Xantphos and DPEphos have been studied by van 
Leeuwen et al.29'3] and used in applications such as alkoxycarbonylation of alkenes. 
Mostly these ligands have been used as large bite-angle, bis-phosphine ligands, 
however they have found evidence to suggest that the oxygen atom of both Xantphos 
and DPEphos can bind to the metal centre. They have isolated and structurally 
characterised the complex [(DPEphos)Pd(COCH3)][BArF4] in which the phosphines 
are trans to each other and a Pd-O bond is observed with length 2.261(6) A. The 
hemilability of the DPEphos ligand was demonstrated by addition of PPI13 to 
[(DPEphos)Pd(COCH3)][BArF4] to yield [(DPEphos)Pd(COCH3)(PPh3)][BArF4] in
15
which the oxygen atom is not bound and the DPEphos phosphines are oriented cis to 
each other (Scheme 1.10).
PPh.
P h2P  P d  P P h 2
• c h 3
[BArF4]
Ph2P— P^Ph2
/ Pd\  
0;= ^  P P h 3
CH3
Scheme 1.10 Hemilabile nature of the DPEphos ligand.31
1.6 Weakly Coordinating Anions
The term “weakly coordinating anion” was coined following the discovery that 
previously considered “non-coordinating anions” could, under some circumstances, 
coordinate to a cationic metal centre. It was Rosenthal32 who first suggested that the 
concept of non-coordinating anions should be ‘put to rest’ as he proved that anions 
such as [CIO4]', [NO3]' and [BF4]' which are non-coordinating in aqueous solution, 
are coordinating where water is excluded. Since then there have been many reports, 
summarised by Beck and Sunkel,33 of solid-state structures and other evidence such as 
IR and NMR spectroscopy, which show the coordination of anions such as [BF4]' and 
[PF6]- to cationic metal centres. Examples of this from Beck and Siinkel34 (where 
[BF4]' is coordinated to a tungsten centre) and from Gaughan et al?5 (where the 
complex Cu(BF4)(PPh3)3 has been synthesised) are shown in Figure 1.8.
16
Figure 1.8 (CO)3 (C5H5)WFBF3  and Cu(BF4)(PPh3)3.
The most important property for a successful weakly coordinating anion is the 
delocalisation of the negative charge over the whole anion such that no atom has a
'Xfthigh concentration of charge. This is encouraged by having a large anion with many 
atoms over which the charge can be dispersed. It is also important that the periphery 
of the anion contains no strongly basic groups, hence, particularly successful weakly 
coordinating anions contain fluorine atoms at the periphery instead of chlorine or 
other more strongly basic groups. Finally, it is important that the anion is stable to 
both electrophiles and oxidation and is not prone to dissociation or decomposition into 
smaller fragments some of which might themselves bind strongly to the metal (e.g. 
F ). However, when all things are considered, it is now the accepted wisdom that it is 
impossible to achieve complete non-coordination and it is important to remember that 
each anion will be limited by its most nucleophilic or sterically accessible site and by
07
the solvent used. A brief survey of weakly coordinating anions now follows.
1.6.1 Tetraphenylborate Anions and their Derivatives
The tetraphenylborate anion, [BPI14]', has found use as a weakly coordinating anion. 
It is particularly successful as the counterion in Ziegler-Natta olefin 
polymerisation38"41 as, unlike [BF4]', it can be displaced from the metal centre by the
incoming olefin and is not decomposed by the metallocene cation.42 [BPI14]’ is 
however, relatively strongly coordinating in many other systems. It has been shown 
by X-ray crystallography to interact with the metal through n interactions with one of 
the phenyl rings,43,44 an example of which is shown in Figure 1.9.
^  O
Figure 1.9 [BPh4]' coordinated to Ruthenium via n interactions 44
Evans et al,45 have recently reported the coordination of [BPIu]' to a lanthanide metal 
centre via two rj2-arene linkages. They report that these compounds are useful 
precursors for the synthesis of sterically crowded (CsMes^Ln molecules (Scheme 
1. 11).
+ KBPh4
Scheme 1.11 Synthesis of (C5Me5)3Ln from [(C5Me5)2Ln][(/*-Ph)2BPh2 ].
The addition of electron withdrawing substituents to the aromatic systems reduces 
their n coordination ability. To create an even weaker coordinating anion the phenyl 
groups were fluorinated to form [B(C6F5)4]' and [B{(C6H3-3 ,5 (CF3)2 }4]', the latter





Figure 1.10 Tetraphenylborate and its fluorinated derivatives.
These anions have been extensively used in homogeneous catalysis, partly due to their 
commercial availability and relative ease of synthesis. As for [BPIl*]', a primary
high catalytic activity has been achieved by minimising the cation-anion interactions. 
Other applications of the fluorinated tetraphenylborate anions include alkene 
hydrogenation49 and Diels-Alder reactions.50
1.6.2 Teflate Anions
The fluorine atoms in small anions such as [B F 4]' and [PF6]" can be replaced by the 
larger [OTeFs]' fragment forming larger weakly coordinating anions such as 
[B(OTeF5)4]' and [M(OTeF5)6]' where M = As, Sb, Bi and Nb.51'53 All teflate-based 
weakly coordinating anions are highly moisture sensitive and decompose rapidly with 
the smallest trace of water. There have been no accounts of their use in catalysis; 
their main application has been the stabilisation of compounds of weak Lewis acids, 
for example, Strauss has described the isolation of the elusive group-11 d10 carbonyl
application of the fluorinated analogues has been for olefin polymerisation48 where





1.6.3 Alkoxy- and Aryloxymetallates
Fluorinated alkoxy- and aryloxy- metallate based weakly coordinating anions are an 
alternative to the fluorinated arylborates described previously. They are generally 
more easily prepared on a large scale than the fluorinated arylborates as there is no 
need to prepare UC6F5 which is unstable towards LiF elimination. The [M(OC6F5)„]' 
ions (Scheme 1.12) are used in polymerisation catalysis55 and give activities that are 
similar to or even higher than those obtained using the [B(C6F5)4]' anion.56
The [Al{OC(CF3)3}4]' anion developed by Krossing shown in Figure 1 .1 2  is
polymerisation catalysts and to isolate compounds in the solid state with “gas-phase” 
structures such as [Ag(r|2-C2H4)3][Al{OC(CF3)3}4].37,58
Scheme 1.12 Synthesis of Li+A1(0C6F5)4\





Figure 1.12 Example of a fluorinated alkoxy weakly coordinating anion, [Al{OC(CF3)3 }4]'.
1.6.4 Carborane Anions
Carboranes are a relatively new class of weakly coordinating anions, developed in an 
effort to distribute the charge over a large number of atoms. The majority of the 
research has been into [c/<m>-CBnH|2]" (Figure 1.13), which was first synthesised by 
Knoth in the 1960s59 but not until 1986 was it introduced by Reed et al. as “a new 
candidate for the least coordinating anion” .6 0  Derivatives of this anion have been 
shown in many cases to be extremely weakly coordinating as well as extremely weak
Figure 1.13 [c/oso-CBnH^]' showing the vertex labeling scheme and calculated Natural Population
Analysis Charges for {BH} vertices.63
The cluster framework, with its icosahedral geometry, is possibly the most stable in 
chemistry. It has o aromaticity and an extremely large HOMO-LUMO gap. It 
therefore requires high energy to disrupt the cluster framework, hence the anion is 
extremely stable . 64  In a similar manner to benzene, the BH bonds on the periphery
nucleophiles . 6 1 ,6 2
= B7 - B14 lower penatgonal belt, -0.13
= B2 - B6 upper penatgonal belt, +0.03
= B12, -0.11
#  = C-H vertex 
O  = B-H vertex
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can undergo electrophilic substitutions and so the reaction with strong electrophiles 
can lead to various derivatives of the cage. Due to the polarization of the cage (Figure 
1.13), electrophilic substitution usually occurs at the 12 position first, followed by the 
lower pentagonal belt. Nucleophilic substitution can occur at the C-H vertex 
following deprotonation of the acidic hydrogen . 65
Perhaps the most useful derivatives of [cIoso-CB\\H\2Y are the hexahalocarboranes, 
[d as 6>-CBiiH6 X6 ]‘, where X = Cl, Br or I (Figure 1.14), the syntheses of which were 




Figure 1.14 7, 8, 9, 10, 11, /2-hexahalocarborane, [c/o50-CBh H6X6] . X = Cl, Br, I.
It has been shown that the partial halogenation of the cage makes the anions less 
coordinating and more stable to oxidation which can be a problem for the 
\closo-CYi11H |2 ] anion .65 Halogenated carboranes are far more inert than
tetraphenylborates and their salts typically crystallize well in comparison. The
downside is that they are more expensive and their salts often less soluble. Reed et
z: o
al. found that they were particularly useful for the isolation of protonated arenes 
(Wheland Intermediate, Figure 1.15) which previously had only been characterized at 
low temperatures in superacid media [SbF^/HF]. Using the hexachlorocarborane they 
were able to isolate the remarkable protonated arene salts [C6 Me6H] [closo-
2 2





Figure 1.15 Wheland Intermediate, stabilized by [c/o5o-CBnH6Cl6]’
In an attempt to create the least nucleophilic carborane anion, many research groups 
have focused on the synthesis of other substituted cages. Complete substitution of the 
cage was achieved by Michl et al.69 using methyl triflate to give the permethyl cage, 
[closo-CBuMznY which was then fluorinated in an attempt to create a superior 
weakly coordinating anion, [c/o5o-CBn(CF3)i2]'.70 However, this anion makes 
explosive salts with Cs+ cations and so clearly this limits its practicality. For the 
[closo-CB]\Me]2Y anion, Michl reported increased solubility of the carborane salt but 
the anion was no longer inert. Michl reported that it was unstable to strong acids
71while Weller et al. have reported various decomposition products with strong 
electrophiles with the use of [l-H-c/oso-CBnMen]'. The first of these was the anion 
[l-H-CBuMegCk]’, which formed following the dissolution of 
Cp2ZrMe(l-H-c/6>5o-CBi]Men) in dichloromethane.
Secondly they isolated the complex
[(PPh3)2IrH{l-H-12-(ii6-C6H4F)-c/ojo-CBnMeio)][l-H-c/oTO-CBnMe1i] (Figure 
1.16) which formed following the hydrogenation in fluorobenzene of 




Figure 1.16 [(PPh3)2IrH{ l-H-12-(Ti6-C6H4F)-c/^o-CB11Me,0}]+[l-H-c/o5o-CBllMe1|
Strauss et al. have synthesized highly fluorinated derivatives C s[l-R -C B nFn] (where
72 73R = Me and Et) ’ and used these anions to generate copper(I) polycarbonyls. This 
was previously only possible in the presence of a strongly acidic medium. Xie et al. 
have also synthesized various derivatives including Cstl-H-CBuXsYe ] 7 4 , 7 5
Reed et al.lb have devised syntheses of mixed halogen and methyl substituents, 
Cs[l-H -CBnM e5X6] (X = Cl, Br, I), (Scheme 1.13) which they report meets all the 
requirements for inertness whilst improving other characteristics such as solubility in 
organic solvents. None of the important chemical properties have been lost, for 
example, the halide substituents are no more basic than the non-methylated analogues.
MeC s C s
MeMe, Cc
Me Me,«Xx»„, methyl triflate
triflic acid  
80°C
X
Scheme 1.13 Synthesis of mixed halogen and methyl substituents, Cs[l-H-CBnM e5X6] (X = Cl, Br, I).
Recently, the Weller group have reported the synthesis of ethyl substituted carboranes 
with up to five alkyl groups . 77 These were added sequentially and regioselectively to
2 4
the cage via transition metal catalysed hydroboration (Scheme 1.14). The separated 
ion pair, [(PPh3)2Rh(nbd)][(C2H5)5-c/<m>-CBnH7], is obtained by addition of 
norbomadiene to the penta-ethyl substituted cage anion complex.
ethene





Scheme 1.14 Ethylation of the cage via transition metal catalysed hydroboration. 
The process is cycled to obtain the penta-ethyl substituted cage.
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1.7 Fundamental Steps in Catalysis
1.7.1 Activation of H2 - Heterolytic and Homolytic Mechanisms
There are three mechanisms by which a metal can activate H2. Firstly, this can be by 
heterolytic activation, whereby an external base or a ligand on the metal abtracts H+ 
from H2 leaving an H' bound to the metal. An example of a catalyst that is believed to 
activate H2 heterolytically is RuCl2(PPh3)3 (Scheme 1.15).78’79
8"
Cl\
RuCI2(PPh3)3 h2 » 5+ RuCI(PPh3)3 J j 2 L  RuHCI(PPh3)3
<
Scheme 1.15 Heterolytic activation of H2 by RuCl2(PPh3)3
A second mechanism is homolytic activation. Iguchi’s paramagnetic d7 Co(CN)53' 
complex activates hydrogen homolytically. It is a Co(II) complex ion with a metal 
centred radical with Co(III) only one unit more positive, which is a very stable 
oxidation state. CoH(CN)s3' therefore readily forms and then the hydrogen atom is 
transferred to the substrate in the second step, generating an organic radical which 
needs to be moderately stable. This is usually achieved by the use of a benzylic 
substrate in which the radical is resonance stabilization. Finally the organic radical 
abstracts H- from a second molecule of CoH(CN)53'(Scheme 1.16).
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2 (CN)5Co3.- + H— H --------► 2 (CN)5CoH3‘
(CN)5CoH3' + ph- ^ ^ C° 2 '------- ► (CN)5Co3;  + p n - ^
• QO -
(CN)5CoH3- + -------- ► (CN)5Co3.- + P h ^
Scheme 1.16 Homolytic activation of H2 by CoH(CN)53' and hydrogenation of an alkene.
1.7.2 Activation of H2 - Oxidative Addition
The final, and perhaps most important way of activating H2 is by oxidative addition 
(Scheme 1.17), the reverse of which is reductive elimination. The H-H bond is 
broken and two M-H bonds are created which usually results in the oxidation state, 
electron count and coordination number of the complex increasing by two units 
during the reaction. The electron count increasing by two units means that either a 16 
electron complex (or fewer) is required or a ligand must dissociate from an 18 
electron complex before oxidative addition can occur. The increase in oxidation state 









Scheme 1.17 H2 activation by oxidative addition.
The H2 binds first as a sigma complex and then undergoes H-H bond breaking as a 
result of strong back donation from the metal in to the H-H a* orbital. As described 
previously, the degree of back donation determines whether the H-H bond breaks, 
giving two hydrides, or whether the H2 binds to the metal as a dihydrogen ligand.
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One of the best studied cases is for H2 addition to a 16 electron square planar d8 metal 
species, IrCl(CO)(PPh3)2, Vaska’s Complex80 to give an 18 electron octahedral d6 
species with two hydride ligands. The trans Cl and CO ligands fold back to become 
cis to each other on binding of the H2 to give the cis dihydride isomer. (Scheme 1.18.)
H ^ T ‘h H h
I V
L— —Ir-----L -► L Ir L
ci 'to c\ t o
Trigonal Bipyramidal Octahedral
18e, lr(l) 18e, Ir(lll)
Scheme 1.18 H2 addition to Vaska’s Complex IrClCO(PPh3)2.
1.7.3 Reductive Elimination
Reductive elimination is the reverse of oxidative addition. It is most often seen in 
higher oxidation states as the formal oxidation state of the metal is reduced by two 
units in the reaction.4 In catalysis of organic reactions it is often the last step in the 
catalytic cycle, releasing the product from the metal centre.2
Octahedral d6 complexes of Pt(IV), Pd(IV), Ir(III) and Rh(III) readily undergo 
reductive elimination but with initial loss of a ligand to generate a 5-coordinate 
intermediate. This is a much more reactive species than the 6-coordinate starting 
complex. It may be that the five coordinate species is more reactive as it can more 
readily distort to reach the transition state for reductive elimination which brings the 
two groups to be eliminated very close together.4 A mechanism for reductive 
elimination on Rh(III) is shown in Scheme 1.19.






Scheme 1.19 Mechanism for reductive elimination of HR (where R = alkyl, aryl, acyl etc).
An example of reductive elimination can be found in the complex 
[(TMEDA)PtHMe2Cl] which undergoes reductive elimination via a coordinatively 
unsaturated 5-coordinate species (Scheme 1.20).
Scheme 1.20 Reductive elimination of CH4 from the complex [(TMEDA)PtHMe2Cl].
1.7.4 C-H Activation
C-H activation is a term describing the breaking of a C-H bond, usually of an alkyl 
group, via insertion of a low valent transition metal. The resulting complex is an 
alkylmetal hydride. The mechanism for C-H activation has only a small number of 
known pathways. First, an alkane complex most likely forms which is then followed 
by either oxidative addition to the metal (pathway A in Scheme 1.21) or by proton 
loss (pathway B in Scheme 1.21).4,81
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Scheme 1.21 Mechanisms for C-H activation by a metal complex.'
The initial interaction with the metal is not necessarily followed by the breaking of a 
CH bond. A C-H-M species can form where the C-H bond acts as a a  donor to the 
metal and the resulting complex is said to be a C-H o-complex. When this interaction 
is intramolecular the resulting complex is said to be agostic. An example of this is 
observed by Caulton et al. in the complex [Ir(H)2(PPh(tBu)2)2][BArF4] where agostic 
interactions are seen between the metal and two C-H bonds of the tertiary butyl 
groups (Figure 1.17).82
The first observation of C-H activation via the oxidative addition mechanism was 
made by Chatt in 196283 who observed a v(RuH) signal in the IR spectrum of what 
was believed to be [Ru(dmpe)]2 (where dmpe = dimethylphosphinoethane). Chatt 
noted that the hydride was apparently formed by taking hydrogen from naphthalene
P h  M e M e
lBu M e
Figure 1.17 [Ir(H)2(PPh(,Bu)2)2 ][BArF4] showing agostic interactions.
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which was present in the preparation of the complex. It was not until 1965 however 
that the hydride resonance was observed in the NMR spectrum.84 Further to this, on 
decomposition of the naphthyl hydride, a dimer complex was formed in which CH 
bonds of the methyl groups on dmpe had been activated, linking two [Ru(dmpe)]2  
molecules (Scheme 1.22). This was the first reported example of cyclometalation 
involving an sp3 CH bond.
^ N P NpH
(d m p e )2R u ^  -------------  R u (d m p e)2
H
Scheme 1.22 C-H activation reactions of Ru(dmpe)2 observed by Chatt.85
In the 1970s Shilov developed transition metal alkane functionalisation catalysts 
which split C-H bonds heterolytically. The catalysts were Pt(II) complexes that on 
reaction with a C-H bond gave a Pt alkyl complex and a proton via formation of a 
Pt(II) alkane complex. This process occurs in preference to oxidative addition when 
the a donation to the metal from the C-H bond is not matched by backdonation from 
the metal into the C-H antibonding orbital. This leaves the hydrogen very 8+ in nature 
and so is lost as a proton.4
1.8 Transition Metal Catalysed Alkene Hydrogenation
The best known hydrogenation catalysts are those that employ oxidative addition for 
activation of H2. The best known of these is Wilkinson’s catalyst, RhCl(PPh3)3. The 
addition of hydrogen to the catalyst gives a dihydride. One of the phosphine ligands
/  H \  Me Me2p/  1
Me2P \  I / P ' ----- \  |  PMe2
^ R u  .R u
, ^ 1  v .M e2 P
/  V v P M e 2
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then dissociates, probably due to the high trans effect of the hydride ligand opposite it, 
to give a vacant site to which an alkene can bind. The alkene inserts into the Rh-H 
bond and the phosphine binds to the metal again. The second hydride and the alkyl 
are lost by reductive elimination to give the alkane product and the square planar 
catalyst (Scheme 1.23).4 An alternative mechanism involves initial loss of phosphine 
followed by oxidative addition of Fb, migratory insertion, and finally, reductive 
elimination of alkane.
h 2 h
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Scheme 1.23 Hydrogenation of an alkene by Wilkinson’s Catalyst, RhCl(PPh3)3.
Interestingly the cobalt and iridium analogues of Wilkinson’s catalyst are both 
inactive towards alkene hydrogenation but for different reasons. The cobalt complex 
does not react with hydrogen87 and the iridium complex reacts irreversibly with 
hydrogen to form a stable complex, [IrClH2(PPh3)3], which fails to dissociate a 
phosphine ligand and so alkene cannot access the metal centre.88
Schrock and Osborn made the observation that cationic rhodium complexes with only 
two phosphine ligands and a non-coordinating anion are also active hydrogenation 
catalysts.89'91 The reactions were performed in coordinating solvents such as ethanol, 
acetone or tetrahydrofuran and the active catalysts were found to be the solvent 
complexes, [RhH2(S)2L2]+ where L = PR3 and S = solvent molecule (Figure 1.18).
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The dissociating ligand in this case was therefore the solvent and not the phosphine as 
was the case for Wilkinson’s catalyst. Osborn et al. showed that this process was fast 







Figure 1.18 [RhH2(S)2(PR3)2 l+ (S = solvent molecule), investigated by Schrock and Osborn. 89-91
1.8.1 Crabtree’s Catalyst
Crabtree found that using non-coordinating solvents, for example dichloromethane, 
enhanced the catalytic activity of the rhodium complexes studied by Osborn93 and so 
studied the activity of complexes [Ir(cod)L2][PF6] and [Ir(cod)L(py)][PF6] (where 
L = PR.3 and py = pyridine) in non-coordinating solvents (Figure 1.19).94 The 
complexes were found to be highly active catalysts for hydrogenation of alkenes with 
the most highly active catalyst of the series found to be [Ir(cod)(PCy3)(py)][PF6], The 
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Figure 1.19 Complexes studied by Crabtree for alkene hydrogenation in non-coordinating solvents.
L = PR3 and py = pyridine.94
Unlike Wilkinson’s catalyst, the mechanism for hydrogenation using Crabtree’s 
iridium catalysts is not known in detail. There are two suggested mechanisms.95 The 
first, calculated by Brandt et al.96 and similarly by Hall et a l91 involves the
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hydrogenation of the cyclooctadiene ligand to form an Ir(III) species with two hydride 
ligands and the vacant sites occupied by two solvent molecules. These two molecules 
are then fairly slowly displaced by dihydrogen and alkene. This complex then 
quickly undergoes migratory insertion of the alkene into the hydride ligand with 
concomitant cleavage of the dihydrogen to give an Ir(V) species. Following this, 
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Scheme 1.24 Mechanism of alkene hydrogenation calculated by Brandt et al.96 involving Ir(III) and 
Ir(V) species. (S = Solvent, CH2C12, N = pyridine)
The second proposed mechanism by Chen et al.98 (Scheme 1.25) has been derived 
from the study of catalytically active samples of the Ir complex, with styrene in an 
apparatus designed to maintain a hydrogen pressure in the process of ESI-MS. This 
mechanism involves Ir(I) and Ir(III) species.
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Scheme 1.25 Chen’s postulate for the mechanism of Ir catalysed hydrogenation reactions
based on ESI-MS studies.98
Crabtree et al. observed that in contrast to Osborn’s Rh systems, in which the 
catalysts were sufficiently stabilized by the coordination of solvent, under their 
conditions the stabilization came from the substrate alkene. Once this was all 
consumed the catalyst deactivated to form an inactive dimer in the case of the bis- 
phosphine complexes or a trimer in the case of the mixed ligand complexes (Figure 
1.20). The dimer was observed to have three bridging hydride ligands and two 
terminal hydrides and two phosphines per iridium. The trimer had a triangular 
arrangement of metal atoms with one hydride ligand capping all three iridium centres. 
Each iridium centre also has two terminal hydrides, one pyridine ligand and one 
phosphine ligand. The increased activity achieved in a non-coordinating solvent is 
therefore only obtained at the cost of catalyst stability.
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Figure 1.20 Inactive dimer and trimer isolated by Crabtree.94,99
1.9 C-H Activation in Catalysis
C-H activation has useful applications in the synthesis of organic compounds, 
particularly in the activation of non-alkane substrates. The Murai reaction (Scheme 
1.26) is one such example which involves C-H activation and replacement by an alkyl
complex, [RuH2(CO)(PPh3)3]. The first step is C-H activation of an ortho CH on an 
aromatic ketone, followed by alkene insertion into the RuH bond followed by 
reductive elimination of the product.
Scheme 1.26 Murai Reaction of aromatic ketone with an alkene, catalysed by RuH2(CO)PPh3)3.
Ellman and Bergman have shown how CH activation can be used in a series of 
transformations including the enantioselective cyclisation of aromatic ketimines 
(Scheme 1.27).101 The complex used to catalyse the transformation was [RhCl(coe)2]2 
with a (S)-binol-derived phosphoramidite ligand. The reaction goes via coordination
group derived from an added olefin. 100 The process is catalysed by the ruthenium
S i(O R )3RuH2(C O )(P P h 3)3
S i(O R )3
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of the imine, followed by CH activation of the aromatic hydrogen and then alkene 
insertion.
Scheme 1.27 Enantioselective cyclysation of aromatic ketimines by a rhodium catalyst.
Another reaction that involves CH activation of a non-alkane substrate is 
hydroacylation. This reaction involves the addition of an aldehyde CH bond across an 
olefin C=C bond. This reaction will be described in detail in the next section.
1.10 Hydroacylation
Hydroacylation involves the CH activation of an aldehyde followed by addition across 
the C=C bond of an alkene to give a ketone containing product. Hydroacylation has 
its origins in the observation that aldehydes were decarbonylated by Wilkinson’s 
catalyst, [Rh(PPti3)3)Cl], via the suggested mechanism shown in Scheme 1.28.102 
Suggs isolated and characterised the first acyl-hydride intermediate of the reaction by 





[Rh1 CO] + RH
Scheme 1.28 Mechanism for decarbonylation of an aldehyde by Wilkinson’s catalyst.
It was observed by Sakai104 that 4-pentenal would react with Wilkinson’s catalyst to 
give cyclopentanone and the process was termed hydroacylation. Further work by
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Miller105 and Larock106 demonstrated that the transformation was catalytic and could 
be applied to a variety of substituted 4-pentenals, however after a few turnovers the 
catalyst would become inactive due to the formation of the carbonyl complex.
The outcome of any catalytic process is determined by the relative rates of the 
catalytic steps and so to increase the rate of hydroacylation relative to the rate of 
decarbonylation has been the aim of researchers in this field. The three main steps of 
hydroacylation are C-H activation via oxidative addition, migratory insertion and 
reductive elimination. The mechanism for hydroacylation of 4-pentenal using 
Wilkinson’s catalyst is shown in Scheme 1.29.107
O
R e d u c t iv e
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Scheme 1.29 Proposed mechanism for hydroacylation of 4-pentenal using the [Rh(PPh3)3Cl] catalyst.
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To accelerate these steps, Bosnich et al) 07 chose to rely on coordinative unsaturation 
to speed up the processes of oxidative addition and reductive elimination. They used 
a dimeric catalyst of the formula [Rh2(dppe)2]X2 where 
dppe= l,2-bis(diphenylphosphino)ethane. In the solid state the catalyst exists as a 
phenyl bridged dimer but in coordinating solvents such as acetone the complex 
becomes [Rh(dppe)(solvent)2]+. Bosnich observed rates of conversion of 4 pentenals 
to cyclopentanones of about 103 times faster than observed for Wilkinson’s catalyst. 
However, decarbonylation was still competing with hydroacylation and after 100 
turnovers around half of the catalyst was inactive. It was observed that on increase of 
the substrate concentration the rate of catalysis slows indicating that the catalyst was 
forming unproductive substrate-catalyst adducts. However it appeared that although 
the rate of turnover slowed, the total turnover number also increased with a higher 
substrate concentration indicating that excess substrate was slowing the rate of 
decarbonylation. It was proposed that a six-coordinate complex was forming in 
solution of the structure shown in Figure 1.21. 108
H
Figure 1.21 Six-coordinate substrate complex postulated by Bosnich to slow decarbonylation.
Six-coordinate complexes are thought to slow decarbonylation as the process involves 
reductive elimination, a transition state of which requires quite significant distortion
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making it unaccessible to 6  coordinate species without initial disociation of a 
ligand.4'109" 1
Intermolecular hydroacylation is an even more demanding transformation than the 
intramolecular reactions described above with the majority of systems reported 
requiring high temperatures and pressures of CO or ethene and are limited to aromatic 
aldehydes and simple, unfunctionalised alkenes.112115 However, Brookhart and co­
workers116, 117 investigated a cobalt based method using the catalyst 
[C5Me5Co(C2H3SiMe3)2] (Scheme 1.30). They found that this catalyst gave good 
turnovers under mild conditions, and established that the rate limiting step in the 
reaction was reductive elimination to form the C-C bond. They also observed that 
there were two resting states for the catalyst, the first being the complex 
[C5Me5Co(C2H3SiMe3)2] and the second, [C5Me5Co(C2H4SiMe3)R(CO)], was 
observed when alkyl aldehydes were used. In this system decarbonylation is a 
reversible process and so this complex is a merely a resting state and not an inactive 
complex. Recent work has extended this chemistry to Rh analogues. 118
, ______   - M e 5 O
C o. R = Alkyl C o ,
SiMe.q :_____   S  \  °0V X -* 1™3
Si M e3 M e3Si
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Scheme 1.30 [C5Me5Co(C2H3SiMe3 )2], Brookhart’s hydroacylation catalyst 
and a resting state for the catalyst, [C5Me5Co(C2 H4SiMe3 )R(CO)].
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A chelation assisted strategy was investigated by Jun et a l whereby in situ formation 
of pyridyl imines was employed in order to make decarbonylation impossible 
(Scheme 1.31).119 The process included the formation of a stable 
iminoacylrhodium(III) hydride which would be followed by addition of an alkene to 
give a ketimine. This could be further acid-hydrolysed to give a ketone product. 
This strategy seems to be quite synthetically useful however only unfunctionalised 
alkenes have been used in this system.
[Rh(PPh3)3CI]
Im inoacylrhodium  hydride
Scheme 1.31 Chelate assisted hydroiminoacylation employed by Jun et al.
Using the catalyst [Rh(DPPE)][C10 4 ], Willis et al.no have investigated a different 
type of chelation control, utilising a pendant heteroatom on an aldehyde that would 
produce chelate acylmetal hydride intermediates (Figure 1.22). Intermediates or 
actual catalysts have not been intercepted in the catalytic cycle.
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Figure 1.22 Suggested chelated rhodium acyl hydride intermediate.
Various aldehydes were tested using oxygen and sulphur as the binding atom. It was 
determined that sulphur stabilised the intermediate more effectively than oxygen, 
giving slower decarbonylation. It was also concluded that a five-membered S-Rh 
chelate was optimal as this gave conversions to the desired product of 96% at 
temperatures of only 60°C. The reaction was shown to be successful with a range of 
alkenes including those with functional groups such as esters, amides and imides.
One drawback to this system is the limited opportunities for modification of the 
methyl sulphur group after the hydroacylation. To expand on the synthetic utility of 
the process, Willis et al. used /?-thio-acetal substituted aldehydes as these maintained 
the same stabilizing five membered S-chelate but offer more flexibility for further 
synthesis (Scheme 1.32).121 They found that the system gave good yields for 
hydroacylation, tolerated a variety of functional groups and proceeded under mild 
conditions.
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Scheme 1.32 Hydroacylation of /?-thio-acetal substituted aldehydes and alkenes using [Rh(dppe)]C104.
Whilst these systems give very good yields of the hydroacylation product, the system 
is still susceptible to decarbonylation as the chelate acylmetal hydride intermediate is 
a five coordinate species. The system therefore fails with less reactive substrates such 
as unfunctionalised alkenes.
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1.11 The Role of Anions in Transition Metal Catalysis
The choice of anion in catalytic systems that involve cationic metal centres as the 
reactive centre is increasingly recognised as an important part of catalyst design, as 
the choice of anion can have a dramatic effect on the rate of catalysis. For the early 
transition metals, anion effects are fairly well understood, especially with regard to 
alkene polymerisation,48 however there is less documentation regarding anion effects 
for the late transition metal catalysts. Pfaltz has carried out research on the 
enantioselective hydrogenation of alkenes122 using iridium-PHOX 
(phosphinooxazoline) catalysts (Figure 1.23).
,F -Figure 1.23 Iridium-PHOX catalyst where Y = PF6~ or BAr 4
He reported that by exchanging the anion [PF6]’ with [B A r/] ' the catalyst was not so 
prone to deactivation and full conversion could be routinely obtained (Figure 1.24) 
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Figure 1.24 Comparative kinetic study of hydrogenation reactions with 
[Ir complex] [PF6] and [Ir complex] [B A r/] reproduced from reference 123.
The catalyst deactivation products were thought to be hydride bridged trimers similar 
to the bi- and tri-metallic complexes that Crabtree characterised following 
deactivation of his hydrogenation catalysts [Ir(cod)(PCy3)(py)][PF6] and 
[Ir(cod)(PPh3 )2 ][PF6].99 These species are shown in Scheme 1.33.
H N
Scheme 1.33 Deactivation products of iridium hydrogenation catalysts 
(Y = [PF6] , N = pyridine, P = PPh3 for dimer and PCy3 for trimer).
Following the discovery that the anion played an important role in their catalyst 
systems, Pfaltz et al. carried out a kinetic study of catalysts with various anions, 
although carborane anions were not included.124 They concluded that the catalytic 
activity of the iridium complexes strongly depended on the anion and increases in the
4 5
order [CF3SO3]' < [BF4]' «  [PF6] < [B(C6F5)4]' < [B A r/]’ < [Al{OC(CF3)3}4]'. 
They also investigated the effect of adding water to the catalyst solution to assess how 
robust the catalysts are to trace contaminants. The results showed that the catalysts 
with the [B(C6F5)4]", [B A r/] ' and [Al{OC(CF3)3}4]' anions had decreased rates but 
still gave full conversion, whereas with the [PF6]’ anion the catalyst was almost 
completely deactivated.
The reason for this deactivation with the [PFg]' may be explained by the direct 
reaction of water with the [PF6]' anion. It is known to undergo partial hydrolysis to 
give PO2F2’ when it is a counterion to various transition metal complexes.125'128 
Femandez-Galan et al.129 have studied the hydrolysis of Ag[PF6] in dichloromethane 
and detected the species [POF4]\  SiF4 and [SiFe]2’ by 19F and 31P NMR spectroscopy. 
They report that the formation of [P02F2]' proceeds via the following reaction 
sequence:
H20  + [PF6r — ► [POF4]' + 2H F  
S i 0 2 + 4H F S iF 4 + 2H 20
S iF 4 + P  — ► [SiFg]'
S iF 4 + 2 P  — ► [SiF6]2'
[PO F4]- + H20  — ► [ P 0 2F2]- + 2H F
Trace water initially reacts with [PF6]‘ to produce HF. This then reacts with glass, 
[SiC>2], to form more water. The reaction is cyclical as this water further reacts with 
[PF6] to produce HF, hence, a very small amount of water can hydrolyse a large 
quantity of [PF6]\ The occurrence of this degradation during a catalytic process can 
significantly affect the rate of the reaction and may even halt the catalysis completely
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as the [PO2F2]" can coordinate with the transition metal, for example in the complex 
[W(CO)2(phen)(NO)(P02F2)].130
Frost et al. observed counterion effects in their rhodium catalysed addition of
arylboronic acids to aldehydes. The rhodium catalyst, shown in Scheme 1.34, was 
partnered with the counterions [OTff, [BF4]", [PF6]' and [closo-CBnHn]'. They 
observed that the counterion made a significant difference to the yield of product. It 
appeared that the more weakly coordinating the anion, the better the result with the 
best performance observed with the [c/os<?-CBnHi2]’anion.
Scheme 1.34 Rhodium catalysed addition of arylboronic acids to aldehydes.
X = OTf, BF4\  PF6- or [closo-C
Kiindig and co-workers have also reported a counterion effect on the catalytic activity 
of chiral Ru(II) Lewis acids in the enantioselective Diels-Alder reaction of 
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Scheme 1.35 Scheme and structure of catalyst for the Diels-Alder reaction.
They found that the nature of the anion had no effect on the enantioselectivity but had 
a large effect on the rate of the reaction. The fastest rate was seen with the anion 
[B A r/]' with the complete order being [B A r/] ' > [SbF6]' > [PF6]' > [BF4]' > [TfO]' 
which corresponds to the non-coordinating ability of the anion. For the catalyst with 
the anion [SbF6]\ they isolated Ru(II) intermediates and identified three H ”F 
interionic interactions, two between the anion and the cyclopentadienyl hydrogens and 
one between the anion and the formyl hydrogen of the methacrolein. In collaboration 
with Pregosin, they also noted by JH-19F HOESY and PGSE NMR spectroscopy, that 
in CD2CI2 solutions of the Ru(II) [BF4] catalyst there existed interionic interactions 
between the fluorine atoms of the counterion and the cyclopentadienyl and formyl 
protons.132, 133 This led to the hypothesis that not only could the anion hinder the 
reaction by competing with the aldehyde for the binding site but it could also decrease 
the rate of product release by binding to both the aldehyde and the catalyst.134
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1.11.1 Diffusion Ordered Spectroscopy (DOSY)
Diffusion ordered spectroscopy, DOSY, is a 2D version of the basic Pulsed Gradient 
Spin-Echo (PGSE) NMR experiment. PGSE and Heteronuclear Overhauser 
Spectroscopy (HOESY) NMR have been used extensively by Pregosin et a l  in 
determining ion pairing effects in a variety of catalytic systems.135 It is based on a 
spin-echo sequence and two pulsed field gradients separated by a waiting time. The 
gradients effectively defocus and refocus the magnetization. If the molecules diffuse 
during the waiting time the effective magnetic field experienced by the spins will be 
different for both gradient pulses. This results in a decrease in the intensity of the 
signal and so repetition of the experiment with increasing gradient strengths gives a 
set of signals from which the diffusion coefficient, D, can be calculated. Molecules 
that are large will diffuse more slowly than smaller molecules hence have a smaller 
diffusion coefficient. Using the Stokes-Einstein equation (Equation 1.1) it is possible 
to calculate the hydrodynamic radius, rH, which gives an indication of molecular 
volume.
rH = kT /6 TtrjD 
Equation 1.1 Stokes-Einstein Equation (77 = solvent viscosity).
The technique was applied by Pregosin et al.135, 136 to the Iridium-PHOX system 
studied by Pfaltz et a l in an attempt to better understand the reasons behind the anion 
effects seen. The compounds [Ir(cod)(PHOX)]X with X = [BF4]', [PFg]’, [OTf]' 
[B(C6F5)4]' and [B A r/] ' were compared in solvents methanol, chloroform, 
dichloromethane and 1,2-dichloroethane. The most important conclusions were for 
the data in dichloromethane which is a very weakly coordinating solvent. They found
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that generally there was evidence of a very small amount of ion pairing for the [BF4]", 
[PF6]' and [OTff anions and more significant, but not complete, ion pairing for the 
[B(C6F5)4]' and [B A r/] ' anions. These molecules, however, are not the active catalyst 
in these systems. The active catalyst is generated when molecular hydrogen is 
oxidatively added to form a dihydride species which then reduces the cycloctadiene to 
cycloctane. When the dihydride complexes were studied many of these structures 
decomposed to form the trinuclear hydridocluster as shown originally by Crabtree." 
Iridium dihydride complexes of the form [IrH2(PHOX)LiL2]X (where L1L2 = 4 ,4 ’- 
dimethylbipyridine and X = [PF6]’ [B A r/] ' anions) were also prepared (Figure 1.25).
Figure 1.25 Iridium complexes studied by PGSE NMR spectroscopy.
(N, P = PHOX ligand, X = [PF6f  or [BAr/]' and L]L2 = 4,4’-dimethylbipyridine.)
Both the [IrH2(PHOX)L]L2]X complexes and the trinuclear clusters ([PF6]' and [OTf]'
1anions) were studied using PGSE spectroscopy. The significant results show that 
there is a slightly larger ion pairing effect for the iridium dihydride [B A r/] ' analogue 
than for the [PF6]' anion. For the trinuclear cluster there is significant ion pairing. 
However, given the cluster is known to be catalytically inactive, this information is 
somewhat less significant. The authors hypothesized that formation of the trinuclear 
cluster may be hindered by a larger, slower moving anion that is in close proximity to 
the iridium (i.e. stronger ion pairing). Hence, they suggest that anions such as
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[B A r/] are less likely to allow formation of the cluster than smaller, faster moving 
[PF6]\ Overall they conclude that there is still limited information regarding the 
behaviour of the catalyst in solution as the structures studied are not strongly 
correlated with the active catalyst. The complexes studied were either precursors or 
products of deactivation.
1.11.2 Carborane Monoanions in Catalysis
Despite the potential advantages of carboranes over anions such as the fluorinated 
tetraphenylborates, there are few reports of their use in catalytic processes. The 
following section outlines those contributions that have been made.
Recent work from the Weller group has involved the use of least coordinating anions 
to increase reaction rates and product yields in catalytic processes incorporating a 
cationic metal centre. Of particular interest are the carborane monoanion derivatives
of [cbso-CBu HnY-
The first example of the use of the carborane anion in a catalytic process is the 
synthesis of the compounds [Ag(PPh3)n(c/o5o-CBnH6Y6)l (n = 1, 2; Y= H, Br) and 
their activity towards the hetero-Diels-Alder reactions between A-benzylideneaniline 
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Scheme 1.36 Diels-Alder reaction catalysed by silver complexes.
It was shown that the complexes were significantly more active than [Ag(PPh3)(OTf)] 
and [Ag(PPh3)(BF4)]. The best catalyst was shown to be [Ag(PPh3)(c/<m>- 
CBnH6Br6)] as it gave the fastest rate and also showed higher selectivity for imines. It 
was also found to be active at catalyst loadings of 0.1 mol %, which is significantly 
lower than previously reported for Lewis acid catalysed Diels-Alder reactions 
(—1-5 mol%).
Carborane monoanions have also been partnered with rhodium phosphines and used 
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Scheme 1.37 Rhodium phosphine compounds synthesized with carborane monoanions.
The norbomadiene complexes in Scheme 1.37 are catalyst precursors. They are 
converted to the active catalysts by simple hydrogenation. The dimeric species d 
shown is the deactivation product of the catalyst precursor 
[(nbd)Rh(PPh3)][c/o5o-CBnH6Br6] and is similar to the deactiviation complexes of 
Crabtree’s catalyst.99 The two nbd precatalysts were tested for their efficiency in the 
hydrogenation of the alkenes cyclohexene, 1-methylcyclohex-l-ene and
2,3-dimethylbut-2-ene. These were chosen as they are progressively more sterically 
hindered and have been shown in the past to be unsuitable for catalytic systems 
similar to this based on rhodium. The results showed that for all alkenes the 
[closo-CBuHeBr^Y anion gave higher yields and turnover frequency than the 
\closo-CB ] iH]2] anion and the [BF4]' anion which was tested also as a comparison. 
For the particularly sterically hindered alkene 2,3-dimethylbut-2-ene, the 
[c/osoCBnF^B^]' anion still gave yields of 68 % which is an excellent result for a 
rhodium catalyst under the conditions used.
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Following the success of the [closo-CBuH^Bre]' anion with the rhodium phosphine 
fragment, the iridium phosphine analogue was synthesized.139 The precatalyst in this 
case was the complex [(PPh3)2lr(cod)][c/o5o-CBnH6Br6] which when treated with 
hydrogen affords the new complex (PPh3)2lrH2(c/o5o-CBnH6Br6) (Figure 1.26). 





Figure 1.26 Catalyst (PPhs^IrH^CBnHeBr*,).
This complex is fluxional at room temperature with the carborane anion dissociating 
and associating rapidly. The anion affords enough stabilization to avoid the formation 
of bi- and tri-metallic species seen with other systems (e.g. [PF6]" or [BAr4 ]'), but can 
still easily move away to allow olefin to coordinate as the complex is an active 
catalyst for alkene hydrogenation. In an attempt to determine the species involved in 
the catalytic cycle ethene was added to the catalyst in the absence of hydrogen. The 
species isolated was [(PPh3)2lr(^2-C2H4)3][c/<m>-CBnH6Br6] where three molecules of 
ethene are bound to the iridium and the anion is not interacting with the metal 
centre.139 It is thought that this is a model intermediate in the alkene hydrogenation 
catalytic cycle as treatment of this complex with hydrogen affords the regeneration of 
the catalyst shown in Figure 1.26. In this case [c/<m>-CBnH6Br6]‘ acts as a weakly 
coordinating anion, allowing hydrogenation of the olefin to take place and yet also has
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the ability to stabilize the catalyst once the substrate has been consumed and therefore 








Scheme 1.38 “Release” and “Catch” of the [c/o5o-CBnH6Br6]' anion in alkene hydrogenation.
This anion involvement in the catalytic cycle sheds new light onto the role of anions 
in catalysis. It seems that it is not always necessary for the anion to be 
non-coordinating and simply a spectator to the reaction, it can offer stabilization to the 
metal involved when needed whist still allowing the reaction to continue by moving 
away when the substrate is available. It is this concept that has coined the new term 
“Anion Weak Non-Innocence” and it is this concept that will form the focus of part of 
this project. It is possible that it can be applied to many catalytic systems and may 
prove to be a valuable insight into catalytic mechanisms and the role that the anion 
has to play within those systems.
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1.12 Scope of Thesis
The work presented in this thesis focuses on the protection of vacant sites in two 
catalytic systems. The first is alkene hydrogenation with iridium catalysts based on 
Crabtree’s bis-phosphine species but partnered with the weakly coordinating 
carborane anions [closo-CBiiHeX^Y where X = Cl, Br or I. The aim of the study was 
to establish the level of interaction between the anion and cation both in the solid state 
and in solution and then apply the observations to the differences in the
catalytic activity of the complexes towards alkene hydrogenation.
The second catalytic system under investigation is the rhodium catalysed 
hydroacylation system developed by Willis et al.120 It was reasoned that the use of a 
ligand capable of providing additional coordinative stabilisation to the acylmetal 
hydride intermediate would deliver a more robust system. A hemilabile ligand would 
add the extra stabilisation while still allowing the necessary latent-vacant coordination 
site for the reaction to proceed. Bis-phosphine ligands with a heteroatom were chosen 
for study as they would be similar to the successful dppe system but would hopefully 
act as hemilabile ligands via weak coordination of the heteroatom. It was initially 
thought that the choice of counterion may have a significant effect on the system and 
so this was also investigated.
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2 Iridium Hydrogenation Catalysts
2.1 Introduction
Crabtree’s bis-phosphine complex, [(cod)Ir(PR.3)2]+, forms the basis for this section of 
work. It is of particular interest as previous work has shown that it is an excellent 
catalyst for hydrogenation of unfunctionalised alkenes when used in weakly 
coordinating solvents such as dichloromethane. It can hydrogenate even relatively 
hindered alkenes such as Me2C=CMe2.1 Its decomposition products are known and 
the conditions from which decomposition arises have been established.2 The exact 
mechanism of activity is not fully understood but two different possibilities have been 
proposed.3’5 Anion effects on the similar iridium-PHOX system have been 
investigated6 but these did not include the carborane anions, [closo-CBnH6X6]\ 
where X = Cl, Br or I. The anion [c/osoCBnHaBre]’ has been shown by the Weller 
group to interact directly with the iridium centre via coordination of two bromine
n
atoms on the lower pentagonal belt of the carborane. This complex has been shown 
to be a successful alkene hydrogenation catalyst giving good turnover rates but also 
appears to be more stable to decomposition once the olefin concentration has dropped. 
The relative stability of the active catalysts in this system provides an excellent 
opportunity to study the effects of changing the coordinating ability of the anion on 
the complexes formed. The complexes studied include
[(PR3)2Ir(cod)][d<9S0 -CBnH6X6], where X = Cl, Br and I and PR3 = PPI13 or PMe2Ph. 
The impact that these changes have on the catalytic activity towards alkene 
hydrogenation can achieve a greater understanding of the mechanisms, especially 
decomposition, which take place.
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2.2 Synthesis and Characterisation -  Complexes with 
Triphenylphosphine Ligands
The 16 electron iridium compounds [(PPh3)2lr(cod)][c/o5<9-CBnH6X6], where X = Cl,
1 a  X =  CI 
1 b  X = Br 
1 c  X =  I
Scheme 2.1 Synthesis of [(PPh3)2Ir(cod)][c/<m>-CB11H6X6] where X = Cl, Br and I.
Each complex was characterised by 1H, 31P{!H} and n B NMR spectroscopy in 
CD2CI2 solution. In the nB NMR spectra of the three complexes there are three 
distinct signals: one singlet with an integral of IB, one highfield singlet, with an 
integral 5B, and a doublet with an integral of 5B; these signals correspond to the B-12 
antipodal boron and the lower and upper pentagonal belts respectively. The cage 
therefore has Csv symmetry indicating that the anion is not strongly bound to the 
iridium centre. If the cage was bound to the iridium the symmetry would be lost and 
more signals would be observed. Diffusion ordered spectroscopy (DOSY) studies 
also indicate that the anion is not bound to the iridium. Anion binding is not 
anticipated as the Ir(I) centre is square planar and a 16 electron species. These results 
are explored in detail later on.
The 31P{1H} NMR spectra all show a singlet at 6 18.8 (la-c) indicating the same 
cation in solution. In the !H NMR spectrum signals are observed for the coordinated
Br7 and I (la, lb  and lc  respectively), were synthesised as shown in Scheme 2.1.
H
,C.
A g+ or C s + [C B n H eX e]-  
EtOH X
63
cyclooctadiene at 8  4.15, 8 2.22 and 8  1.90 along with signals for the phenyl groups of 
the phosphorus at around 8 7.
Compounds la-c were treated with dihydrogen at 4 atmospheres by 
freeze-thaw-degassing the solution and refilling with dihydrogen at 77 K. From the 
equation pV = nRT, a change in temperature from 77 K to 298 K gives 
p = 298/77 = 3.8, so on warming the sample to room temperature the pressure of 
hydrogen increases to approximately 4 atmospheres. Addition of H2 in dg-toluene 
resulted in the rapid hydrogenation of the cyclooctadiene to yield the 18 electron 
Ir(III) compounds (PPh3)2lrH2(c/os<9-CBnH6X6) where X = Cl, Br and I (2a, 2b and 







2a X = Cl 
2b X = Br 
2c X = I
Scheme 2.2. Synthesis of compounds [(PPh3 )2 lrH2(CBnH5X6)] where X = Cl, Br and I
Each complex was characterized by X-ray diffraction studies, following 
crystallization from fluorobenzene/pentane solution, and !H, 31P{1H} and n B NMR 
spectroscopy in both CD2CI2 and dg-toluene solution. The two solvents were chosen 
due to their different effects on ion pairing, toluene promoting anion coordination and 
dichloromethane, although a weakly coordinating solvent, with its higher dielectric 
constant, e = 9.1, compared to 2.4 for toluene, favouring anion dissociation. This
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allows the two extremes of anion interaction with a metal centre to be studied in
solution.
In the solid state all three compounds show coordination of the anion to the metal 
centre. The halogenated carborane binds to the iridium centre via two halogen atoms 
on the lower pentagonal belt. This binding motif of the anion is the same as observed 
for Et2Al(CBnH6Cl6)8 and is similar to that described for the diiodobenzene complex 
Ir(PPh3)2H2(o-l2C6H4).9 The structures of 2a and 2c are shown in Figure 2.1 and 
Figure 2.2. For comparison, the bond lengths of complexes 2a, 2b and 2c are shown 
in Table 2.1. It should be noted that the X-ray data for complex 2a was of poor 
quality and so the bond lengths and angles have large uncertainties in their values. 
Nevertheless, they are included here for comparison.
Complex 2a Complex 2b Complex 2c
Ir-P(l) 2.333(12) 2.322(2) 2.3222(12)
Ir-P(2) 2.328(11) 2.335(2) 2.3253(12)
Ir-X 2.567(10) 2.680(1) 2.7794(4)
Ir-X 2.582(9) 2.655(1) 2.8061(3)
X-B(7) 1.81(7) 1.974(9) 2.182(6)
X-B(8 ) 1.83(4) 1.984(11) 2.195(5)
X-B(9) 1.79(4) 1.956(11) 2.165(6)
X-B(IO) 1.74(6) 1.943(12) 2.152(6)
X -B(ll) 1.63(5) 1.956(11) 2.163(5)
X-B(12) 1.80(5) 1.937(10) 2.156(5)
P(l)-Ir-P(2) 157.1(4) 155.33(9) 151.63(4)
X-Ir-X 85.8(3) 87.20(3) 89.037(10)
Table 2.1 Selected Bond lengths (A) and angles (°) for complexes 2a, 2b7 and 2c.
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Figure 2.1 ORTEP plot of complex 2a. Thermal ellipsoids are shown at the 50% probability level. 
(Hydrogen atoms omitted for clarity.) Hydride ligands were not located.
6 6
Figure 2.2 ORTEP plot of complex 2c. Thermal ellipsoids are shown at the 50% probability level. 
(Hydrogen atoms omitted for clarity apart from the hydrides.)
Ir-H(lOO) 1.48(6)
Ir-H(200) 1.46(4)
Table 2.2 Ir-H bond lengths(A) for com plex 2c.
6 7
The compounds have average P-Ir bond lengths of 2.33(1), 2.329(2) and 2.324(1) A 
for 2a, 2b and 2c respectively which, within error, are the same. This suggests that 
the coordination of the different halogens does not affect the strength of the P-Ir bond. 
The Ir-X bond lengths for X = Cl, Br and I increase from 2.575(10) to 2.7927(4) with 
Ir-Cl being the shortest bond length and Ir-I being the longest. Likewise, the X-B 
bonds for the X bound to the metal show the same trend by increasing from 1.82(7) to 
2.189(5). The X-Ir-X bond angles also increase on going from chlorine to iodine, 
from 85.8(3)° to 89.04(2)°. These trends are expected given that iodine has the 
largest covalent radius of the three halogens10 and so would not be able to get as close 
to the iridium centre or to the boron of the cage or indeed to another iodine atom. 
Comparison of the X-B bond lengths indicates that the bound X atoms have slightly 
longer X-B bonds than observed for those which are not bound to the iridium. This is 
true for all three complexes, to a similar degree, and indicates that donation of 
electron density to the iridium is done so at the detriment of the strength of the X-B 
bond. The P-Ir-P angle is the least distorted from 180° for the chloro analogue and 
most for the iodo analogue. This is again due to the relative size of the halogen, the 
iodine being largest takes up more space around the iridium centre and so pushes the 
two phosphorus atoms away. The hydrides could only be located for complex 2c so 
no comparison between the three compounds is possible. Hydride location by X-ray 
crystallography is inherently difficult due to the low scattering power of the two 
electrons in the M-H bond. This is compounded by the poor quality of data for 2a.
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2.2.1 Solution NMR data - ds-toluene
In dg-toluene at room temperature, complex 2a shows the three distinct signals in the 
mB NMR spectrum [8 1.5 (s), 8 -5.3 (s) and 8 -23.2 (d)] suggesting an unbound or 
fluxional cage. However, on cooling to 200 K the three signals split and become 
broader (similar to that shown in Figure 2.3). This is indicative of a bound cage as the 
Q>v symmetry has been lost due to the binding of two of the chlorine atoms to the 
iridium. The cage now has Cs symmetry with a total of seven boron environments in 
the ratio 1:2:2:1:1:2:2 (Figure 2.4).
0 -10 -20 ppm
Figure 2.3 Example of n B{ 'H} NMR spectra for an unbound carborane cage (top) and a bound cage 
(bottom). The last resonance is a 2 +2 + 1 coincidence.
X
■- x -■
Figure 2.4 The seven boron environments observed if the cage remains tightly bound to the metal.
At room temperature there is a broad singlet in the 31 P{ 'H} NMR spectrum (8 20.6) of 
2a. On cooling to 200 K the singlet in the 31 P{1H } NMR spectrum splits into a tightly
6 9
coupled AB system with doublets at 5 21.5 and 8 18.9 (chemical shifts confirmed by 




23 22 21 20 19 18 ppm
Figure 2.5 298 K (top) and 200 K (bottom) 31P{ JH} NMR spectra for complex 2a. The 200 K 
spectrum shows the tightly coupled AB system with small outer lines of the two doublets.
H
X
Figure 2.6 The two phosphorus environments observed if the cage remains tightly bound to the metal.
The two phosphorus atoms are rendered inequivalent due to the binding of the cage to 
the iridium centre. As shown in Figure 2.6, phosphrous Pa is in close proximity to the 
top of the cage with the carbon atom and hydrogen atoms. Pb is in a slightly different 
environment being close to the chlorine atoms at the base of the cage. The hydride
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resonance in the !H NMR spectrum at 298 K is a sharp triplet at 8  -27.71 
[/(PH) 18.0 Hz]. The resonance does not change significantly on cooling.
The evidence suggests that at 298 K the complex is undergoing a fluxional process 
that is faster than the NMR timescale and therefore allows the phosphorus atoms to 
appear equivalent and the boron cage to have time-averaged Csv symmetry. 
Reorganisation of the compound probably goes via a disconnection of one chlorine 
atom followed by a twist of the cage before recoordination of a chlorine atom 
(Scheme 2.3). De-coordination of the Ir-P bond or Ir-H bond is discounted as the P-H 
coupling is observed in the hydride signal across all temperatures. On cooling, the 
fluxional process becomes slower than the NMR timescale and so signals are 
observed showing the different environments of the phosphorus and the boron atoms. 







Scheme 2.3 Suggested mechanism of fluxionality for complex 2a.
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Variable temperature NMR studies in dg-toluene solution show that each of the three 
compounds 2a, 2b and 2c undergo the same fluxional process, as the NMR data for 
each are very similar. However, each compound becomes fluxional at a different 
temperature; 290, 330 and 395 K are the coalescence temperatures for 2a, 2b and 2c 
respectively. As described previously, when static, the 31P{1H} NMR spectrum gives 
two doublets as a tightly coupled AB system [8  21.5, 8  18.9 (2a), 8  15.1, 8  11.9 (2b) 
and 8  13.8, 8  7.8 (2c), /(PP) 340 Hz for each] consistent with inequivalent, trans 
phosphorus atoms, indicted by the large PP coupling constant. On heating, these 
coalesce into one broader signal at 8 20.6, 8  13.8 and 8  9.2 for 2a, 2b and 2c 
respectively. It is interesting to note that the average chemical shift for the 
phosphorus atoms shift towards a higher field on going from chloro to iodo. 
Chemical shift depends on many factors including electronic and steric effects. This 
could therefore be indicative of a slightly stronger Ir-P bond for the chloro analogue 
than the bromo and the iodo due to the weaker interaction with the chlorine. This 
however, is not evident in the solid state structures as the Ir-P bond lengths are the 
same. The difference is therefore more likely to be due to the steric effects of the 
larger halogen binding and creating the smaller P-Ir-P bond angle.
The n B NMR spectra for temperatures below the coalescence temperature of each 
complex show the broad resonances characteristic of a bound cage, on heating these 
signals coalesce into the three distinct signals corresponding to the three boron 
environments; the antipodal boron and the lower and upper pentagonal belts.
The coalescence temperature for the 31P{]H} NMR signals can be used to calculate 
the free energy of activation, AG*, for the fluxional process (Equation 2.1) . 12 It is
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possible therefore, to infer from the AG* values the relative bond strengths of the Ir-X 
bonds. Table 2.3 shows the calculated values for compounds 2a, 2b and 2c in 
dg-toluene.
AG*C =19.14 Tc (0.32 + log Tc/kc) where kc = 2 .2 2  V(Av2 + 6 /(AB)2) 




AG*, kJ mol'1 
dg-toluene, 400 MHz
2a, (PPh3)2lrH2(c/ow-CBi]H6Cl6) 290 ± 2 52.5 ± 1
2b, (PPh3)2IrH2(c/o56?-CBi iH6Br6) 330 ± 2 60.0 ± 1
2c, (PPh3)2IrH2(c/ow-CB1iH6I6) 395 ± 2 71.5 ±1
Table 2.3 Tc (K) and AG* (kJ mol ') for compounds 2a, 2b and 2c.
Complex 2c gives the largest value of AG* and so it can be concluded that the Ir-X 
bonds in the iodo complex are the strongest of the three. This is as expected due to 
iodine being large and less electronegative therefore having the most diffuse orbitals. 
This makes the electrons more available for bonding than those of bromine or 
chlorine, hence, a stronger bond is formed. This is demonstrated by the fact that 
iridium complexes involving the coordination of diiodobenzene are well known, such 
as [(PPh3)2lrH2(o-l2C6H4)] [BF4] .9 The bromo and chloro analogues are relatively 
scarce as they do not form strong interactions with the metal.13
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2.2.2 CD2C12 NMR data
On the NMR timescale, compound 2c is static at room temperature in CD2C12 
solution. The 31P{]H} NMR spectrum shows two doublets with the characteristic AB 
coupling pattern, at 8 12.1 and 8  6.4 [/(PP) 340 Hz] consistent with inequivalent trans 
phosphorus atoms. The n B NMR spectrum is very broad with one signal at 8 -5.4 and 
the other 6  signals overlapping in the range 8  -14.5 to 21.8, characteristic of a bound 
cage. The hydride resonance at 8 -21.76 (t) in the *H NMR spectrum confirms the 
structure as it shows a cis coupling of 18 Hz with the phosphorus atoms and it is a 
sharp signal indicating there are no fluxional processes. Any such process would be 
likely to broaden the signal.
The room temperature *H NMR spectrum for compound 2a in CD2C12 shows a broad 
hydride resonance at 8 -26.80 with a relative integral of 2H. The 31P{]H} NMR 
spectrum shows a singlet at 8  23.4 and the n B NMR spectrum gave three distinct 
signals at 8  0.9(s), 8  -5.9 (s) and 8  -22.9 [d, /(HB) 159 Hz] corresponding to the 
antipodal boron, the lower and the upper pentagonal belt respectively. The combined 
NMR data suggest an unbound cage or one that is rapidly coordinating and 
decoordinating as local Csv symmetry is observed.
On cooling, the hydride signal in the *H NMR spectrum was expected to give a triplet 
showing coupling to the two phosphorus atoms i.e. that for a static structure. 
However, at 200 K four hydride resonances are seen, 8  -25.07 (t), 8  -26.52 (br s), 
8  -28.17 (br s) and 8  -29.19 (t) of ratio 0.8 : 0.3 : 0.3 : 0.1, relative to the PPI13 
resonances which have an integral of 30H (Figure 2.7). These ratios correspond with 
three singlets seen in the 31P{1H] NMR spectrum, 8 30.5, 8  26.7, 8  23.3. Using the
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ratios of the peaks and the temperatures at which each appeared it was possible to 
correlate the peaks in the 'H NMR spectrum with those in the 31P {1H } NMR 
spectrum.
-29 ppm-25 -26 -28-27-24
Figure 2.7 Hydride signals observed for complex 2a in CD2C12 solution.
The hydride signal at 5 -25.07 (t) corresponds with the phosphorus signal at 8 23.3 
(species i), the hydride at 8 -29.19 (t) corresponds to the phosphorus signal at 8 30.5 
(species ii) and finally the two broader signals in the hydride region at 8 -26.52 (s) and 
8 -28.17 (s) correspond to the phosphorus signal at 8 26.7 (species iii). This evidence 
suggests there are three species in solution, all with trans, equivalent phosphines, 
which are cis to two hydrides and two other ligands. For i and ii the hydrides are 
equivalent, suggesting a symmetrical structure, whereas for iii they are inequivalent. 
The three species are therefore initially assigned with the general structures shown in 
Figure 2.8. We return to these complexes in more detail later.
7 5
Figure 2.8 General structures for species i, ii and iii (L = Ligand).
Compound 2b is also fluxional at room temperature in CD2CI2 solution. The hydride
01 1
signal at 8  -25.96 is broad with an integral of 2H, the P{ H} NMR spectrum shows a 
broad singlet at 8 15.3 and the n B NMR spectrum is consistent with an unbound cage 
[signals at 8  -1.6 (s), 8  -9.9 (s) and 8  -20.3 (d, /(HB) 160.7 Hz)]. For complex 2b at 
low temperature (200 K) there are resonances in the 31P{1H} NMR spectrum observed 
at 8  19.0 and 8  14.5, /(PP) 340 Hz which are both doublets with the characteristic 
tightly coupled AB system. In the ]H NMR spectrum a hydride is observed at 
8 -25.74 [t, /(PH) 18 Hz]. These resonances are assigned as the complex where the 
anion is bound to the iridium centre. There are other signals also observed in the !H
01 1
and P{ H} NMR spectra which are assigned as species i and iii (8  26.6 and 8  23.3 in 
the 31P{‘H} NMR spectrum and at 8  -25.30, 8  -26.6 and 8  -28.45 in the 'H NMR 
spectrum, correlation with 3 P allowed the signals to be assigned), the same as 
observed for complex 2a. The hydride peaks are in the ratio 5 : 1 : 1 for complexes 
2b : 2 b i: 2biii.
It was necessary to determine whether any of species i-iii involve binding of the cage 
to the iridium centre as this is a possible scenario, although rj] binding of a 
halogenated cage has not been confirmed in any transition metal system and only 
spectroscopically inferred. 14'16 The complex [(PPh3)2lr(cod)][BAr/] (Id) with the
non-coordinating [BA r/]' anion was synthesised in a closely related manner to la, lb  
and lc  and hydrogenated in CD2CI2 solution to give complex 2d (Scheme 2.4), 
tentatively identified as a solvent complex, as the [BArF4]' anion is unlikely to interact 





c h 2c i2
CF;PPh.
•CF-
Suggested structure of 2d
Scheme 2.4 Synthesis and possible structure of compound 2d.
The variable temperature NMR spectra of complex 2d in CD2CI2 solution were very 
similar to that of complex 2a. The same hydride resonances were seen and the peaks 
in the 31P{]H} NMR spectrum were also identified. The ratios for the hydride peaks 
were only slightly different, 0.4 : 0.3 : 0.3 : 0.2 (relative to the aromatic resonances 
with an integral of 42H) for the resonances at 5 -25.11 (t), 8 -26.71 (s), 8  -28.06 (s) 
and 8 - 29.15 (t) respectively, the main difference being that the signals for species i 
were slightly smaller. This shows that the observed signals cannot be due to cage 
interaction.
The same three species appear to exist in CD2CI2 solution for compounds 2a and 2d 
and two of the three are observed for complex 2b. These cannot involve the cage, as 
this is not present for complex 2d, so it can be concluded that these must involve 
various modes of solvent coordination, coordination of another molecule in solution 
and/or intramolecular interactions. Possible structures for i, ii and iii are shown in
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Figure 2.9. It is thought that another ligand, L, must be present in species ii and iii. 
In iii it renders the two hydrides inequivalent and it could also be undergoing a small 
exchange process with the solvent molecule as the signals are broad. We suggest L is 
most likely to be an adventitious water molecule present in the solvent even though 
the solvent is rigourously dried and the reactions are performed under argon. Crabtree 
has previously observed the complex [(PPh3)2lrH2(H2 0 )2]+ and assigned the hydride
t 8chemical shift as 5 -29.8, consistent with the observed chemical shift in this case for 
complex ii. Given the presence of water in the sample it is likely that complex c is 
therefore a complex with one bound solvent molecule and one water molecule. It is 
also possible that complex c involves an agostic interaction with a proton of the 
phenyl rings, however this is less likely as no observed upfield shift, characteristic of 
agostic interactions,19 of any of the phenyl protons is observed. Caulton et al. have 
reported interactions of this type between a cationic 14 Ir(III) dihydride centre and a 
tert-butyl group.20
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Figure 2.9 Suggested structures of i, ii and iii. L = H20  (or an agostic interaction).
Given the putative identity of i - iii in dichloromethane solution it is therefore likely 
that the cage reorganizes via a solvent separated ion pair (Scheme 2.5), such as
species i.
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Scheme 2.5 Fluxional process of compounds 2a, 2b and 2c in dichloromethane solution
In order to assist with the assignment of species i, ii or iii in solution, a crystallisation 
of 2d was attempted from dichloromethane and pentane. The crystals obtained were 
in fact an iridium dimer (3) similar to that characterised by Crabtree for the [PF6]" 
salt.1,2 The crystal structure is shown in Figure 2.13. This is a decomposition product 
of the complex and has only been obtained from a solution of the [BAu ]' salt, 
solutions of the complex with carborane anions have only given the closely associated 
ion pair structures (2a-2c). It seems therefore, that the carborane cages are more 
successful in preventing decomposition than the [BAr4F]' anion. Decomposition 
occurs via dimerisation through Ir-H-Ir bridges, presumably via an only very weakly 
stabilised {IrH2(PPh3)2}+fragment.
In the solid state structure of 3 each iridium has an octahedral geometry with slight 
distortion due to the steric bulk of the phosphines causing the P-Ir-P angles to be 
larger than 90° [98.77(4) and 99.50(4) for Ir(l) and Ir(2) respectively]. With an Ir-Ir 
distance of 2.5132(2) it is necessary to determine by electron counting (Figure 2.10) if 
there is actually a direct Ir-Ir bond or if the two metal centres are merely held close 
together by the three bridging hydrides.
9e 9e' -1e‘ (for +1 charge)
Figure 2.10 Formal electron counting system for complex 3.
The 2 iridium atoms give 18 electrons in total. The 4 phosphorus ligands donate 8 
electrons in total, the two terminal hydrides give another 2 electrons and the bridging 
hydrides count as 3 electrons each as they form a a  bond with one iridium donating 1 
electron and with the other iridium they form an effective agostic interaction so 
donating 2 electrons. In total this adds up to 37, however the overall charge of the 
cation is +1 so the electron count is 36. This means that each iridium centre has 18 
electrons and so there is no formal Ir-Ir bond.
Another method for electron counting this complex is by formally describing each 
three centre 2 electron M-H-M bond as a protonation of a metal-metal bond.21 In this 
case there are three bridging hydrides and so this can be viewed as a protonated M-M 
triple bond (Figure 2.11).
O
Figure 2.11 Bridging hydrides viewed as protonated Ir-Ir bond and their molecular orbital
representation.
8 0
Taking the three protons away from the complex leaves [(PPh3)2HIr=IrH(PPh3)2]2’. 
Iridium has 9 d-electrons, totalling 18 for the complex, there are 4 phosphine ligands 
donating 8 electrons in total, the two remaining hydride ligands add 1 electron each 
to the complex and finally the overall charge is -2  (the complex has an overall charge 
of +1 so “removal” of three protons would take it to -2). This adds up to a total of 30 
electrons (Figure 2.12), i.e. 15 electrons per iridium atom but with three Ir-Ir bonds 
(sharing 6  electons) the total electron count for each iridium atom is 18. This means 
that on “replacement” of the three bridging hydrides the metal-metal bonds are all 
cancelled out and so complex 3 has 18 electrons per iridium and so no metal-metal 
bond is predicted for this structure.
P',X  2e
P — ^  -7 Ir------------------IK:
e "




Figure 2.12 Alternative electron counting system for complex 3 without the bridging hydride ligands.
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Figure 2.13 ORTEP plot for complex 3. Ellipsoids are drawn at the 50% probability level, (hydrogen














P(2)-Ir( 1 )-P( 1) 98.77(4)
P(4)-Ir(2)-P(3) 99.50(4)
Table 2.4 Selected bond lengths (A ) and angles (°) for complex 3 .
8 2
The ]H NMR spectrum of 3 shows three hydride signals; two broad signals at 
8 -6.63 (2H), and 5 -7.63 (1H), corresponding to the bridging hydrides and one 
multiplet at 8 -22.79 (2H), corresponding to the terminal hydrides. The 31P{1H} NMR 
spectrum shows two singlets at 8 20.4 and 8 18.4 corresponding to the two different 
phosphorus environments. No P-P coupling is seen as the phosphorus atoms are cis to 
each other, evidently giving a small coupling which is hidden in this case by the 
broadness of the signals.
Crabtree observes (at -80°C in d6-acetone), for the [PF6]’ analogue of 3, the hydride 
signals at 8 -6.9 (2H) and 8 -8.4 (1H) for the bridging hydrides and 8 -23.9 (2H) for 
the terminal hydrides. In the 31P{,H} NMR spectrum there are two signals, at 8 18.5 
and 8 15.3.2 The NMR data are therefore consistent with the literature values and the 
solid state structure. None of the signals for 3 correspond to the signals for species i, ii 
and iii so confirming that their structures are not deactivation products and more than 
likely they involve coordination of solvent.
A further attempt to provide additional evidence for the structure for species i 
involved the hydrogenation of complex 2d in dichloroethane solution (Scheme 2.6). 
This solvent is likely to form stronger bonds with complexes given the chelate effect 
of such a ligand and also the reduction in relative ring strain on forming a 5 
membered ring as opposed to a 4 membered ring with CD2CI2. It was speculated that 
this complex could be isolated before any decomposition occurred and comparison of 
spectroscopic properties of this solvent adduct would shed light on the likely 








Scheme 2.6 Hydrogenation of Id in dichloroethane solution to give complex 4.
Complex 4 [(PPh3)2lrH2(ClCH2CH2Cl)][BArF4], was synthesised by hydrogenation of 
Id  in dichloroethane solution (Scheme 2.6) and fully characterised by X-ray 
crystallography, NMR spectroscopy and ESI-MS. In the solid state, (Figure 2.15), 
compound 4 has a six coordinate, octahedral, Ir(III) centre with a P-Ir-P angle of 
165.58(2)° comparable to 166.5(2)° in the analogous complex 
[(PPh3)2lrH2(C6H4l2)]+.9 The dichloroethane is bound to the iridium via both chlorine 
atoms with Ir-Cl bond lengths of 2.5289(5) and 2.5329(5) A which are a little shorter 
than those observed in complex 2 a [2.567(10) A and 2.582(9) A] perhaps due to 
fewer steric interactions of a dichloroethane molecule compared to a bulky carborane 
cage. These are also shorter than the Ir-Cl bond length of 2.816 A for the complex 
shown in Figure 2.14, [(PNP)IrH(C6H4Cl)][PF6] [where PNP = 2, 6-bis-(di-terf-butyl 
phosphinomethyl)pyridine and in which the chloro is ortho to the Ir-C bond],22 
possibly due to less ring strain in complex 4. It is, however, comparable to the Rh-Cl 
bond length of 2.488(1) A in the compound [Cp*(PMe3)RhMe(CH2Cl2)][BArF4].23 
To our knowledge no other crystallographically characterised examples of dative 
Ir-CIR bonds exist.







Figure 2.15 ORTEP plot for complex 4. Ellipsoids are drawn at the 50% probability level. (Anion 










Table 2.5 Selected Bond Lengths (A) and Angles (°) for complex 4.
8 5
Complex 4 in CICH2CH2CI solution at 298 K shows a single resonance in the 3IP{!H} 
NMR spectmm at 8 19.1. In the ]H NMR spectrum a hydride resonance is observed at 
8 -23.84 as a triplet [/(PH) 15 Hz]. There is no observed change to the NMR spectra on 
cooling the sample to 240 K. Similar spectroscopically characterised compounds of the 
formula [(PPh3)2IrH2(C6H4X2)]+ where X = Cl, Br or I, show that the hydride chemical 
shift varies according to the identity of the trans halogen to it.9 For comparison, in the 
dichlorobenzene complex the hydride chemical shift is 8 -20.8 compared to 8-16.5 for 
the diiodobenzene complex. The value of 8 -23.84 c.f. 8 -20.8 indicates that 
dichloroethane binds less strongly than 0 -CI2C6H4.
When crystals of complex 4 are dissolved in CD2CI2 solution at 298 K the observed 
!H NMR spectrum suggests a fluxional process or equilibrium is taking place, as the 
hydride resonance is broadened (fwhm = 270 Hz) and shifted upheld to 8 -25.08 with 
no triplet coupling. There is a broad signal at 8 3.23 corresponding to the ethylene 
backbone of CIC//2C//2CI. In the 31P{1H} NMR spectrum the phosphorus resonance is 
now observed at 8 21.4 and is also broad (fwhm = 250 Hz). On cooling to 270 K in the 
’HNMR spectmm the hydride resonance splits into two broad peaks as does the 
CICH2CH2CI resonance. Further cooling to 220 K resolves the two hydrides into triplet 
resonances at 8 -23.12 and 8-25.29 [/(PH) 15 Hz for both] in approxinately a 12:1 
ratio. The signal for the CICH2CH2CI ethylene protons at this temperature resolves into 
two sharp singlets at 8 3.85 and 8 1.98 which are assigned as free and metal-bound 
CICH2CH2CI. The 31P{'H} NMR spectrum also shows two peaks at 5 19.7 and 8 23.2 
in the same ratio as the hydride signals. The major compound in solution at low 
temperature is assigned as the CICH2CH2CI complex (4) given the similarity to the 
room temperature spectmm in CICH2CH2CI. The minor compound in solution at low
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temperature is assigned as the previously, tentatively, characterised CH2CI2 complex 
[(PPh3)2lrH2(CH2Cl2)][BArF4], 2d, species i, with a hydride resonance of 8  -25.29 and a 
phosphorus signal at 8  -23.2. Interestingly, the relative integrals for both compounds 
change with temperature indicating a dynamic equilibrium (Scheme 2.7).
Scheme 2.7 Temperature dependent equilibrium between complexes 4 and 2di (suggested structure) in
solution.
In order to determine the relative binding strengths of CICH2CH2CI vs CH2CI2 to the 
fragment {Ir(PPh3)2H2}+, the relative ratios of the two complexes in solution were 
measured over the temperature range 250-210 K when crystals of 4 were dissolved in 
0.25 cm3 CD2CI2. A van’t Hoff plot (Figure 2.16) was constructed from which 
AH° = +18.5 + 1.5 kJ m ol', A S° = +8 .6  ± 6.7 J K'1 mol'1 and
AG° (298) = +16.0 ± 3.5 kJ mol'1 were derived. The positive value to AH° indicates 
that complex 4 is enthalpically favoured over complex 2di, i.e. CICH2CH2CI binds 
more strongly then CH2CI2. A5° is positive but small, as might be expected for a 
process that releases a dichloroethane molecule that has more degrees of freedom. AG° 
being positive confirms the other experimental observations that indictate 
dichloroethane binds more strongly than dichloromethane.
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Figure 2.16 Van’t Hoff plot of ln(Keq) vs 1/T with a slope of -A///R and an intercept of AS/R. 
2.2.3 Solution NMR Conclusions
To summarise the solution NMR data, the variable temperature studies in dg-toluene 
for complexes 2a-c confirm the solid state structures but show that the compounds 
become fluxional, in that the metal fragment moves around the lower pentagonal belt 
of the cage, with increasing temperature. The studies in CD2CI2 indicate that there are 
significant differences between the three compounds. The [closo-CBnHeCleY anion 
seems to be only weakly bound to the iridium centre and gives species in solution 
similar to that of the [BA r/]' analogue and there is evidence to suggest that these 
species involve solvent coordination. The [closo-CBuYleBreY anion can bind to the 
iridium in CD2CI2 solution but there is evidence that it can also be displaced by the 
solvent to a small extent at low temperature. The [closo-CB nH ^]" anion remains 
bound to the iridium centre at room temperature and there is no evidence of 
displacement by the solvent. These observations are probed further in solution by 
examining the relationship between cation and anion using diffusion techniques.
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2.2.4 Diffusion Ordered SpectroscopY
The NMR studies so far describe the species present in solution and the clear 
differences between the complexes with different anions will be very important when 
using the complexes as catalysts. However, further information can be gained from 
diffusion studies (Diffusion Ordered Spectroscopy, DOSY) which determine how the 
anions and cations interact and how closely associated they are in solution. This 
NMR experiment was carried out on each cyclooctadiene complex (la-d) and 
hydrogenated complex (2a-d) in order to compare the behaviour of complexes which 
are generally thought to be separate ions in solution (cyclooctadiene complexes) and 
complexes which have been shown to be capable of close anion-cation interactions 
(hydrogenated complexes). The data obtained from the experiment give a value for 
the diffusion coefficient, D, for each anion and cation in dichloromethane solution. 
From this the hydrodynamic radius, rn can be calculated. Generally, if the 
hydrodynamic radii for the anion and cation are very similar, and are larger than the 
radii of each of the ions as a separate entity, the anion and cation are thought to be 
moving around in solution together, as an associated ion pair. Diffusion coefficients 
for Na[BArF4] and [NBu4][c/aso-CBiiH6X6] were also measured in MeOH and 
acetone respectively. These are solvents that favour well-separated ion pairs and so 
offer a base-line minimum for the hydrodynamic radius for the anions. The data 
collected are shown in Table 2.6 and example data (for complex lb) are shown in 
Figure 2.17.
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Figure 2.17 Diffusion data for complex lb  showing ln(I/Io) vs G2 where I is the observed intensity, I0  
is the reference intensity and G is the gradient strength.
The diffusion coefficient, D, is obtained from the equation ln(I/I0) = - yx282 G2 (A-8/3)D 
(Yx = gyromagnetic ratio of the X nucleus, 5 = length of gradient pulse, A = delay between the 
midpoints of the gradients) therefore D = slope/yx 2 82 (A-8/3).








1 la , [(PPh3)Ir(COD)] [CBi 1H6C16] 9.82 7.84 5.3(1) 6.65(1)
2 lb , [(PPh3)Ir(COD)][CBn H6Br6] 9.60 7.96 5.4(1) 6.56(1)
3 lc, [(PPh3)Ir(COD)][CBn H6l6] 8.34 7.83 6 .2 ( 1) 6 .6 6 (1)
4 Id, [(PPh3)Ir(COD)][BAr4F] 7.50 7.39 7.0(1) 7.05(1)
5 2a, [(PPh3)IrH2(solvent)(CB,, H6C16)] 7.84 7.53 6.7(1) 6.93(1)
6 2b, [(PPh3)IrH2(CB„H6Br6)] 7.32 7.40 7.1(1) 7.04(1)
7 2c, [(PPh3)IrH2(CB,iH6l6)] 7.91 7.78 6 .6 ( 1) 6.70(2)
8 2d, [(PPh3)IrH2(solvent)][BAr4F] 6.53 6.87 8 .0 ( 1) 7.59(1)
9 [NBu4][CB„H6Cl6]b 15.6 13.9 4.6(1) 5.13(3)
10 [NBu4][CB„H6Br6]b 15.3 13.7 4.7(1) 5.20(3)
11 [NBu4][CBn H6l6]b 14.0 14.3 5.1(1) 4.97(1)
12 Na[BArF4]c 6.60 - 6 .2 (1) -
Table 2.6 Diffusion coefficients and Hydrodynamic radii.
a0.0118 M CH2C12 solutions. 400 MHz. //(CH2C12) = 0.414 x 10' 3 kg s ' 1 m' 1 at 299 K. //(acetone) 0.303 
x 10' 3 kg s' 1 m' 1 at 299 K. bMeasured in ^-actone. cMeasured in d3-MeOD at 2mM concentration.
Literature values D  6.53, rH 6.3 A.24’25
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Table 2.6 shows that for all the precursor cyclooctadiene compounds there is a small 
degree of ion pairing (entries 1-4). This is demonstrated by a larger rn value for the 
anion than is observed for the corresponding [NBu4]+ or Na+ salt (entries 9 to 12). 
There is a difference in the size of the cation and anion for the carborane salts (entries 
1-3) but for the [BArF4]' salt the size of the cation is very similar in size to the anion. 
This suggests a larger degree of ion pairing which has been noted previously for 
[BArF4]~ salts.26,27 For the carborane anions the rn values increase from la  to lc  as 
expected from the increase in covalent radii from chlorine to iodine. However, on 
hydrogenation this trend is no longer upheld. On hydrogenation, all hydrodynamic 
radii increase, compared to the corresponding cyclooctadiene complexes, and all show 
similar radii for the anion and the cation. Both observations indicate an increase in ion 
pairing. However, the increase in rn for the iodo carborane complex is much less 
significant and in fact it has the smallest rH values for the cation and anion of all the 
hydrogenated complexes. This can be interpreted in terms of the solution structures 
of the complexes. A directly bonded ion pair would have a smaller radius than a 
solvent separated ion pair where the anion and cation still move through the solution 
together. (Figure 2.18) The iodo-carborane has the tightest anion-cation interaction, 
as measured by variable temperature NMR spectroscopy, and so would give a species 
smaller than the complexes of the chloro and bromo carborane anions and the [BArF4]' 
anion which form putative solvent complexes or are undergoing a fluxional process 
on the NMR timescale that invokes a solvent separated complex. In these cases the 
cation and anion are not intimately bound together but, considering the agreement in 
anion/cation rn values, must move together in solution as solvent separated ion pairs. 






H u,, I .o 'C I
*CI
PPhq
Figure 2.18 The [c/o50-CBnH6I6]" anion forms a directly bonded anion pair with the cation in solution 
which has a smaller radius than the other analogues ([c/m s-C BuF^C y shown here) which form
solvent separated ion pairs.
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2.3 Synthesis and Characterisation -  Complexes with 
Dimethylphenylphosphine Ligands
To investigate the effects of changing the bulk of the phosphine ligands the 
compounds [(PMe2Ph)2lr(cod)][c/as0 -CBnH6X6] were prepared [where X = Cl (5a), 
Br (5b) and I (5c)] via the same method as for compounds la, lb  and lc  (Scheme
2.8). PMe2Ph was chosen as the cone angle is 122° which is considerably smaller 
than that for PPI13 (145°).28
Scheme 2.8 Synthesis of [(PMe2 Ph)2Ir(cod)][c/<m>-CBnH6X6] where X = Cl, Br and I.
All three compounds were characterized by !H, 31P{]H} and “ Bl 'H)  NMR 
spectroscopy and complex 5c was characterized by X-ray diffraction studies. The 
crystal structure, shown in Figure 2.19, shows coordination of the 1,5-cyclooctadiene 
ligand through the two alkene groups. The phosphine ligands are orientated with the 
large phenyl groups pointing away from each other in order to minimise the steric 








5a X = Cl 
5b X = Br 
5c X = I
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Figure 2.19 ORTEP plot of complex 5c. Ellipsoids are drawn at the 50% probability level (hydrogen










Table 2.7 Selected bond lengths (A) and angles (°) for complex 5c.
9 4
All NMR spectra were obtained in CD2CI2 solution. In solution, the NMR studies of 
the compounds 5a, 5b and 5c confirm the structure obtained for complex 5c with 
signals in the NMR spectrum observed at approximately 8  4.6, 8  2.4 and 8 2.2 for 
the coordinated cyclooctadiene molecule. The signal for the methyl groups on the 
phosphines were observed at around 8  1.5 and the phenyl rings on the phosphines 
were observed in the aromatic region. The 31P{1H} NMR spectra all show a singlet 
for the two chemically equivalent phosphorus atoms at 8  -12.1 (5a), 8-11.0  (5b) and 
8  -12.2 (5c). The n B{ JH} NMR spectra for compounds 5a, 5b and 5c all indicate that 
the anion is not bound to the iridium from the observation of three distinct signals 
seen for the three boron environments of the cage.
The compounds 5a, 5b and 5c were each hydrogenated in CD2CI2 solution (Scheme
2.9) to form the compounds [(PMe2Ph)3lrH2(c/c>s<9-CBiiH6X6)] where X = Cl (6a), Br 
(6b) and I (6c), however for X = Cl multiple products were formed that resisted 
identification. Each compound was characterised by 1H, 31P{1H) and n B NMR 
spectroscopy and complex 6c was characterized by X-ray diffraction studies. The 
crystal structure of 6c is shown in Figure 2.20.
H H
PM e2Ph
I X///(kX\P M e2Ph
X X
6a X = Cl 
6b X = Br 
6c X = I
Scheme 2.9 Hydrogenation of complexes 5a-c in CD2CI2 solution.
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Figure 2.20 ORTEP plot of complex 6 c. Ellipsoids are drawn at the 50% probability level (hydrogen









1(1 l)-B (ll) 2.167(5)
I( 12)-B( 12) 2.149(5)
Ir-H(IA) 1.59(7)
Ir-H(IB) 1.63(11)
H(1 A)-Ir-H( 1B) 93(4)
P(l)-Ir-P(2) 158.46(4)
I(7)-Ir-I(8) 91.715(9)
Table 2.8 Selected bond lengths (A) and angles (°) for complex 6 c.
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As for compounds 2a-c, in the solid state compound 6c exists as a closely associated 
ion pair with the anion coordinated to the iridium through two iodine atoms on the 
lower pentagonal belt. Comparing the bond lengths of complex 6c with complex 2c 
shows that there is a decrease in Ir-I bond length from 2.7928(4) to 2.7668(3) when 
PPh3 is replaced by PMe2Ph. This suggests that complex 6c, with the smaller 
phosphine, has a stronger Ir-I interaction than in 2c. Clearly, the steric bulk of the 
phosphine in complex 2c prevents the anion from coordinating as tightly as it can 
when a smaller phosphine is used. This is confirmed by the less strained P-Ir-P angle 
of 158.46(4)° for compound 6c compared to 151.63(4)° for compound 2c. The B-I 
bond lengths for the iodine atoms bound to the iridium for complexes 6c and 2c are 
the same within error (average values 2.175(5) for complex 6c and 2.183(5) for 
complex 2c). This suggests that the stronger binding of the iodine to the iridium in 
complex 6c does not significantly affect the strength of the I-B bond.
On hydrogenation of complexes 5a and 5b (although not for 5c), in dichloromethane 
solution, an intermediate was observed for approximately 30 minutes prior to 
formation of the products, 6a and 6b. The signals particular to the intermediate in the 
*H NMR spectra on hydrogenation of complexes 5a and 5b are two hydride peaks in a 
1:1 ratio. Firstly, a doublet of doublets is observed at 8  -10.18 [/(PH) 100 Hz and 24 
Hz] corresponding to one hydrogen trans to one phosphine and cis to another. 
Secondly, a triplet at 5 -13.85 [/(PH) 20 Hz] resulting from a hydrogen cis to two 
phosphines. The 31P{!H} NMR spectrum shows two inequivalent phosphorus signals 
resulting in two doublets, 5 34.76 [d, /(PP) 15.9 Hz] and 8  -44.63 [d, / (PP) 15.9 Hz] 
with /(PP) consistent with cis phosphines. The most likely structure of this 
intermediate is the 18 electron complex shown in Scheme 2.10. Similar intermediates
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have been observed by Crabtree at 180 K during the hydrogenation of 
[Ir(cod)(PMe2Ph)2][PF6].29
PMe2Ph c. 





Scheme 2.10 Reaction of complex 5a and 5b with H2 to produce complexes 6 a and 6 b via an
intermediate (X = Cl and Br).
The NMR data for the final product with [c /^ o -C B u H e C y , complex 6a, suggest 
that there are actually several species in solution. The 31P{1H } spectrum shows three 
separate signals which indicate three different phosphorus environments, 5 -10.8 (s), 
5 -16.9 (s) and 8 20.9 (s). The MB NMR spectrum shows a three signal spectrum 
indicative of an unbound or highly fluxional anion (8 0.9, 8 -6.2, 8 -23.2 in the ratio 
1:5:5). The ‘H spectrum shows many hydride signals, 8 -8.26 [d, 7 60 Hz, 0.7H, IrH], 
8 -9.47 [q ,735 Hz, 0.2H] 8 -15.35 (m, 0.5H, IrH), 8 -23.70 (br, 0.3H), 8 -26.18 
[t, 7 20.0 Hz, 0.1H] (Figure 2.21).
-10 -20 ppm
Figure 2.21 Hydride region for hydrogenation of complex 6 a.
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None of these signals could be positively identified as corresponding to the cage 
bound complex. It is likely that in CD2CI2 solution the chloro substituted cage does 
not bind to the iridium centre, and the species formed probably involves coordination 
of solvent molecules, water molecules and/or agostic interactions, similar to those 
observed for complexes 2a and 2d. The signals observed in *H NMR spectrum at 
5 -8.26 and 8 -9.47 could also be indicative of bridging hydrides in a dimer complex 
similar to complex 3 and the complexes observed by Crabtree, as the bridging
r\
hydrides for these are observed between 8  -6  and 8 -8 .
The hydride signal in the NMR spectrum for complex 6 b is a triplet at 8 -25.57 
[/(PH) 28 Hz] as the two hydrogen atoms are cis to two phosphines. The 31P{1H} 
NMR spectrum shows a singlet at 8 -18.1 which at first sight is consistent with a 
fluxional process which results in two equivalent phosphorus atoms, however, the 
11B{1H} NMR spectrum shows that the cage is bound to the iridium centre as the 
three peaks with ratio 1:5:5 for the free anion have been lost and instead there are five 
signals observed (8  -1.0, 8 -7.3, 8 -10.2, 8  -11.0 and 8 -20.8). The data seemed 
inconsistent as the 31P{1H} NMR spectrum suggests a fluxional process whereas the 
11B{1H} NMR spectrum suggests a bound cage. Variable temperature NMR studies 
were carried out to investigate this dichotomy further. The low temperature (200 K) 
31P{1H} NMR spectrum shows an AB system of two doublets [8 -15.9 and 8  -18.3, 
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Figure 2.22 3IP{1H } NMR spectra of 6 b at 298, 250 and 200 K showing a second order AB system.
An explanation to account for these observations is that the two phosphorus signals 
are virtually coincident at room temperature and that the cage is bound at room 
temperature as the 11B {1H } NMR spectrum suggests. There is a temperature related 
chemical shift change that separates them slightly at lower temperatures. At higher 
temperatures (340 K) the 11B spectrum showed signals consistent with an unbound or 
fluxional anion, 8 -0.9 (s, IB), 8 -9.1 (s, 5B) and 8-19.4 (s, 5B), so suggesting that the 
complex becomes fluxional on heating.
Hydrogenation of complex 5c did not give any evidence of the cyclooctadiene 
dihydride intermediate. The NMR data for the resulting complex 6 c suggest the same 
structure as complex 6b. The 31P NMR spectrum shows two apparent singlets with
1 0 0
very close chemical shift at 298K (8  -31.7, 8  -31.8). When cooled to 270 K two 
strongly second order AB doublets are observed [8 -30.28 (d, /(PP) 340 Hz), 8  -32.46 
(d, ./(PP) 340 Hz)] and when heated to 320 K a singlet is seen (5 -32.15). The "B{ 'HI 
NMR spectrum shows five signals (8  -5.8, 8  -16.4, 8 -17.2, 8  -19.2, 8  -21.8) 
characteristic of a bound anion. The ]H NMR spectrum shows the hydride peak to be 
present at 8  -21.01 [vt, /(PH) 17.2 Hz].
Unfortunately, accurate AG* values for anion reorganisation in dg-toluene could not be 
calculated for the whole series of complexes to accurately compare the binding 
strengths with those obtained for the PPI13 analogues. This was due to complex 6a 
being insoluble in dg-toluene and the coalescence temperature for complex 6c being 
above the boiling point of the solvent. The calculated AG* value for complex 6b is
62.1 ± 0.9 kJ m ol1 which is slightly higher than that observed for complex 2b, 
60.0 ± 1.2 kJ m ol1. Given that the coalescence temperature for complex 6c is above 
the boiling point of toluene, the AG* value for complex 6c would be above that 
calculated for complex 2c, i.e it is estimated to be greater than 71.5 ± 1.3 kJ mol'1. 
This demonstrates that the PMe2Ph ligand, being smaller than the PPI13 ligand, allows 
the anion to interact more closely with the iridium and so the anion binds more 
strongly.
In conclusion, once again it seems that the [closo-CBnH(,C\eY anion binds only 
weakly to the iridium centre, if at all, and many other species exist when in 
dichloromethane solution due to this weak association of the anion. The 
[cIoso-CBuHgBtgY anion in this case is not fluxional by NMR in dichloromethane 
solution at room temperature. This is different to the observations made for the PPh3
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analogue and is likely to be due to the relative sizes of the phosphines, the larger 
phosphine causing the anion to bind more weakly due to steric factors. The 
\closo-CB\]HehY anion binds strongly to the iridium as seen for the PPI13 analogues. 
These observations will be considered when studying the catalytic activity of the three 
compounds.
2.4 Catalytic Activity
Following the observations of the behaviour of each complex in solution it was 
important to investigate the effects of these differences on their catalytic activity. 
Given that systematic changes have been made to complexes that can be used in real 
catalytic systems, any differences in the catalytic activity noted can be correlated with 
the strength of the binding of the anion used in each case and hence the role of the 
anion in the catalytic cycle can be better understood. This is important given the 
significant role anions have been shown to play in catalytic systems involving the
on
early transition metals, such as olefin polymerisation. It was also of interest to 
investigate whether the “release-catch” cycle7 proposed for the [closo-CBuHeBr^Y 
anion (Scheme 2.11) holds for both the iodo and chloro derivatives or whether the 
[closo-CBuH&Y anion binds too strongly to the iridium to “release” the cation and 
allow catalysis to take place. Equally possible is that the [closo-CBulleCleY anion 
may bind too weakly to the iridium and fail to “catch” the cation once catalysis is 
complete possibly leading to the formation of inactive dimers.
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Scheme 2.11 “Release and Catch” cycle of the [c/oso-CBnt^Bre]' anion in alkene hydrogenation.
The catalytic hydrogenation of cyclohexene to cyclohexane (Scheme 2.12) was 
therefore studied for compounds 2a-d and 6a-c. Cyclohexene was chosen as it is an 
internal alkene and therefore a more challenging substrate than terminal alkenes. It is 
also one of the alkenes chosen by Crabtree in his study of catalytic hydrogenation
c h 2ci2
Scheme 2.12 Conversion of cylcohexene to cyclohexane with Ir catalyst. (L = PPh3 or PMe2Ph,
X = [c/050-CBnH6Cl6]‘, [c/0 S6>-CBnH6Br6] \ [c/o$0 -CBnH6I6]' or [BArF4]\
The mechanism for hydrogenation in systems such as this, calculated by Brandt for 
Crabtree’s catalyst,3 involves oxidative addition of hydrogen to the catalyst, insertion 
of the alkene into the Ir-H bond, followed by reductive elimination of the product 
(Scheme 2.13). The differences in the system under investigation here will be that 
there are two phosphines which are trans to each other instead of the cis P and N
using very similar complexes.2
[L2lrH2][X] 1 mol %
ligands in the calculated mechanism, and the solvent molecules are likely to be 
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Scheme 2.13 Mechanism for Ir catalysed alkene hydrogenation (P = PR3,N  = pyridine, S = Solvent).
The reaction rates were studied using G.C. analysis of a sample of the reaction 
mixture at suitable time intervals. The reaction was carried out in CH2CI2 solution at 
1°C with 1 mol % catalyst loadings and 1 atmosphere of H2. The results for catalysts 
2a-d are shown in Figure 2.23 (note the precursor complexes la-d were hydrogenated 












Figure 2.23 Results for the cylcohexene hydrogenation for catalysts 2a-d at 1 °C and 1 atm H2
followed by GC.
The results show that complex 2c is not very active for cyclohexene hydrogenation as 
the reaction was very slow (even when repeated at room temperature). This is due to 
the fact that at room temperature the anion is quite tightly bound to the iridium centre 
(as shown by NMR studies discussed previously) and does not move away to allow 
the alkene to interact. It is clear that compounds 2a, 2b and 2d all have very similar 
activities toward cyclohexene hydrogenation. This is consistent with solution 
structures that suggest only weak (or no) anion coordination. From the results 
obtained, complex 2a seems to be the fastest of the three. However, the difference in 
rate is not significant enough to be outside of the experimental error, given the 
inherent difficulties in sampling reactions that involve gases.
It was of interest to assess the reusability of the catalysts with the carborane anion 
compared to the [B A r/] anion. To determine this, a second aliquot of cyclohexene 
was added to catalysts 2a, 2b, 2c and 2d once the first cycle was complete to see if the 
reaction would continue following a drop in the olefin concentration. The results are 
shown in Table 2.9.
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Catalyst Cycle 1 conversion Cycle 2 conversion
(%) (%)
2a, [(PPh3)2lrH2(L2)] [closo-CB \ i H6C16] 1 0 0 10
2b, (PPh3)2IrH2(do50-CBiiH6Br6) 1 0 0 1 0 0
2c, (PPh3)2IrH2(do50-CBnH6l6) 5 0
2d, [(PPh3)2lrH2(L2)][BArF4] 1 0 0 25
Table 2.9 Reusability tests for catalysts 2a, 2b, 2c and 2d after 2 0  mins at room temperature.
On addition of the second aliquot, complex 2b showed no drop in activity and went to 
1 0 0  % conversion within 2 0  minutes whereas complexes 2a and 2d, after 2 0  minutes 
had only reached 10 and 25 % conversion respectively. The reason for this is thought 
to be due to the formation of the iridium dimer (3) once the olefin concentration drops 
(Scheme 2.14). This has been confirmed by NMR studies of the solution post­
catalysis. For complex 2b there was no evidence of the dimer in the solution whereas 
compounds 2a and 2d showed the hydride peaks in the ]H NMR spectrum at 8  -6.67, 
8  -7.63 and 8  -22.8 identified as the bridging and terminal hydrides of the dimer. In 
the 31P{1H} NMR spectrum, singlets consistent with the dimer at 8  20.5 and 8  18.5 
were also identified. Clearly, for compound 2b there is enough stabilisation from the 
anion to avoid the formation of the deactiviated iridium dimer. For compound 2d this 
stabilisation is not possible as the [B A r/]' anion does not coordinate to the iridium 
and so the dimer forms. Compound 2a deactivates to the same compound which 
suggests that [dtfStf-CBnF^Cy is too weakly coordinating to stabilise the iridium 
centre under low olefin concentration in the same way that [c/o50-CBnH6Br6]’ is able 
to (Scheme 2.14).
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Scheme 2.14 The catalytic cycle for 2a-d, showing deactivation pathway which occurs for 2a and 2d.
Catalysts 2b and 2d were also tested for their water tolerance by addition of 2.5 jj.1 
water [0.05 % (v/v), as used by Pfaltz in his kinetic study of anion effects outlined in 
the introduction6] at the same time as the cyclohexene addition. Table 2.10 shows the 
percentage conversion of cyclohexene to cyclohexane after 15 minutes for catalysts 5 
and 8  at room temperature with and without the presence of water.
Catalyst Control conversion (%) H20  added conversion (%)
2b, (PPh3)2lrH2(c/050-CBnH6Br6) 1 0 0 1 0 0
2d, [(PPh3)2lrH2(L2)][BArF4] 1 0 0 46
Table 2.10 Water tolerance tests (after 20 mins at room temperature).
The results show that water has no effect on the catalytic activity of complex 2b. 
However, it has a significant effect on the activity of complex 2d as after 15 minutes 
the conversion to cyclohexane was only 46 % compared to 99 % without water 
present (however the reaction did still give full conversion after 45 mins). This is 
similar to the observations made by Pfaltz who reported full conversion but a 21%
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reduction of rate of hydrogenation upon addition of water to the [Ir(PHOX)][BAr4F] 
catalyst.6 The reason for this observation is unclear, but there are two possible 
explanations. Firstly, it could be that the [BA r/]' anion itself undergoes hydrolysis 
similar to that described for the [PF6]' anion31 whereas the carborane anion is stable to 
reaction with water. Secondly, it could be that the water binds to the iridium centre 
and stops the reaction from occurring in complex 8  but the iridium centre is protected 
by the anion in complex 2b. Samples of complexes 2b and 2d in CD2CI2 with 4 
equivalents water added were characterised by ]H, 31P{1H} and nB NMR spectrum. 
The !H NMR spectrum for both compounds showed a hydride resonance at 8 -29.04 
(br, 0.6H with respect to 42H in phenyl region) consistent with the hydride resonance 
of the water complex [(PPh3)2lrH2(OH2)2][BF4] (Figure 2.24) isolated by Crabtree.32 
The 31P{1H} NMR spectrum showed a new resonance for both compounds at 8  27.9 
(s) consistent with a species with equivalent phosphorus atoms. The nB NMR 
spectrum for complex 2d showed a singlet at 8  -6 .6  consistent with the [BA r/]' anion. 
The species formed in both cases is therefore likely to be the water complex shown in 
Figure 2.24. Clearly there is no difference to the species formed when water is added 
to complexes 2a and 2d but there was a significant difference in catalytic activity. It 
may be that the water bound to the iridium centre is polarised and acts as a Lewis 
assisted Br0 nsted acid33 which, under the catalytic conditions, then attacks the 
[BAr/]" anion and causes it to decompose but leaves the carborane anion unaffected. 




H, I  ...
H*^ |r^ 0 H2 
PPh3
[X]
Figure 2.24 Water complexes formed on addition of water to 2a and 2d. (X = [c/oso-CBnH6 Br6]‘ or
[BArF4]\)
The results for the cyclohexene hydrogenation using the catalysts with the PMe2Ph 
ligand, 6 a-c, are shown in Figure 2.25. Catalyst 6 a was the fastest of the three 
catalysts with the PMe2Ph ligand and gave rates comparable to catalysts 2 a, 2 b and 
2d. Catalyst 6 b is active for cyclohexene hydrogenation however the rate is 
somewhat slower. Complex 6 c, however, does not seem to be at all active for 
cyclohexene hydrogenation as after an hour no cyclohexane had been produced (even 
on repeating at room temperature no reaction was observed). This is must be due to 
the relative binding strengths of the anions. The chloro derivative is the most weakly 
binding and so the olefin can access the iridium centre easily whereas the iodo 













Figure 2.25 Results for cyclohexene hydrogenation at 1 °C for catalysts 6 a-c.
In reusability studies both complexes 6a and 6b could catalyse hydrogenation of a 
second aliquot of cyclohexene (Table 2.11). It is clear that the anion is capable in 
both complexes of stabilising the metal centre at low olefin concentration.
Catalyst
Cycle 1 conversion Cycle 2 conversion
(%) (%)
6a, [(PMe2Ph)2lrH2(L2)] [closo-CB j, H6C16] 1 0 0 84
6b, (PMe2Ph)2lrH2(c/o56>-CBi iH6Br6) 74 67
Table 2.11 Reusability tests for catalysts 6 a and 6 b after 30 mins at room temperature.
2.4.1 Attempt to Determine Intermediates in the Catalytic Cycle
In an attempt to isolate an intermediate in the hydrogenation of cyclohexene (e.g. 
Figure 2.26), 4 equivalents of cyclohexene were added to complex 2b in CH2CI2 
solution which was then layered with pentane. The resulting crystals isolated gave the 
structure shown in Figure 2.27, complex 7.
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Figure 2.26 Species believed to be formed on addition of cyclohexene to 2b (in absence of hydrogen).
The structure shows that the cyclohexene molecule has undergone dehydrogenation 
and is now coordinated to the iridium centre in an r|5 manner. It is thought that there 
is a hydride also on the iridium centre that has not been located as this would make 7 
an 18 electron complex. Evidence to support this is found on examination the second 
view of complex 7 (Figure 2.27) which shows that on looking down through the 
dehydrogenated cyclohexene at the iridium centre, the phosphines are not orientated 
exactly opposite each other. They are in fact bent towards each other, leaving a 
vacant site on the iridium below C5 of the ring.
I l l
Figure 2.27 ORTEP plots for complex 7 showing 2 views of the complex.




















Table 2 . 1 2  Selected bond lengths(A) and angles (°) for com plex 7.
1 1 2
The assignment of a vacant site to this structure can be quantified by looking at the 
angle between the plane of the dehydrogenated cyclohexene ring and the plane of the 
P-Ir-P atoms. If there was no other ligand these planes would be expected to be 
perpendicular to each other. In this structure the angle between these planes is 
69.3(2)° which is a significant enough deviation from 90° to suggest the presence of 
another ligand (Figure 2.28). The presence of a triplet hydride resonance in the 'H 
NMR spectrum at 8 -17.74 [7(PH) 21.0 Hz] confirms that this vacant site is occupied 
by a hydride ligand.
/P-lr-P plane





Figure 2.28 The angle a between the P-Ir-P and C5H5 planes is 69.3(2)° indicating the presence of a 
hydride which was not located in the solid state structure for complex 7.
Dehydrogenation is clearly the reverse of the desired cyclohexene hydrogenation 
reaction but 7 is an interesting complex in itself. It demonstrates that the iridium 
complex is capable of C-H activation which is a highly sought after and difficult 
reaction given the generally inert behaviour of C-H bonds. The first example of a 
reverse hydrogenation of an alkane by a transition metal complex was reported by 
Crabtree in 1982 where cyclopentanes were dehydrogenated to cyclopentadienyls by 
the catalyst [ IH T ^ O M P P h i^ ]*  in the presence of a hydrogen acceptor.32
Previously reported by the Weller group was an intermediate (D in Scheme 2.15) in 
the dehydrogenation of cyclohexane to benzene by the catalyst 
[(PPh3)2Rh]2[c/o5o-CBnH6Br6]2.37 The suggested mechanism is shown in Scheme 
2.15.
H
- ~ [ M ]  D
H ' QJ
"ft - M]
Scheme 2.15 Mechanism for dehydrognation of cylcohexene to benzene. 3 2 ,37
Complex 7 is an example of intermediate E in the mechanism shown. It is one stage 
away from complete dehydrogenation to benzene. Clearly it is not an intermediate in 
the hydrogenation pathway.
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Other complexes thought to be possible intermediates in the alkene hydrogenation 
cycle are shown in Scheme 2.16. Intermediate III is a 16 electron compound and is 
therefore likely to be highly reactive and short lived in the reaction mechanism.
Ph3P





Scheme 2.16 Mechanism for formation of III, a 16 electron compound thought to be an alkene
hydrogenation intermediate.
In an attempt to isolate this compound, 2 equivalents of a hydrogen acceptor, 
terr-butylethylene, were added to complex 2b to remove the hydrides from the iridium 
centre. The resulting compound (8) was cleanly formed and characterised by ]H and 
31P{]H} NMR spectroscopy. The 31P{ *H} NMR spectrum shows two doublets, one at 
8 9.5 and one at 5 -62.2. The high field chemical shift is characteristic of an 
orthometallated species where the phosphorus is involved in a four-membered 
cycle.38,39 Both doublets have large coupling constants of 357 Hz which is indicative 
of trans phosphines. In the *H NMR spectrum there is a hydride resonance at 8 -23.2 
[vt, 7(PH) 16.4 Hz, 1H]. The suggested structure of 8 is a complex similar to complex 




Scheme 2.17 Reaction of terf-butylethylene with 2b to give an orthometallated complex, 8 .
Crabtree has observed a similar complex,40 shown in Figure 2.29. Two signals are
o 1
observed in the P NMR spectrum at 5 17.1 and 8 -44.3, the latter of which is stated 
to be an appropriate chemical shift for a phosphorus atom in a cyclometallated ring. 
The /(PP) coupling constant observed is 368 Hz and the hydride is observed in the *H 
NMR spectrum at 8 -27.6. This is similar to the data obtained for complex 8.
■CF.
Figure 2.29 Orthometallated complex observed by Crabtree.40
The isolation of 8 suggests that the 16 electron complex III was formed but is, as 
expected, highly reactive. In the absence of hydrogen and excess olefin, the complex 
orthometallates a phenyl ring of the phosphine via a C-H activation in order to 
increase its stability and return to an 18 electron configuration. If there had been 
hydrogen present as there is in the hydrogenation cycle, the catalyst would have been 
regenerated. This was demonstrated by exposing compound 8 to an atmosphere of 
hydrogen giving compound 2b, which was identified by *H and 31P{1H} NMR 
spectroscopy.
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2.4.2 Solvent Effects on Alkene Hydrogenation
Given the improved stability of complex 4 over complex 2d (i.e. a dichloroethane 
complex compared to a dichloromethane complex) it was of interest to compare the 
catalytic activity of the fragment {(PPh3 )2IrH2 }+ in the two solvents. The substrate 
used to study this system was methylcyclohexene, a more challenging substrate for 
hydrogenation than cyclohexene, due to the added hindrance provided by the methyl 
group. The results for the hydrogenation reactions are shown in Figure 2.30 as 
monitored by G.C.
»  60
O 50 Complex 4 
Complex 2d
20
0 20 40 60 80 100 120
Time (mins)
Figure 2.30 Methylcyclohexene hydrogenation for catalysts 2d and 4 
(in DCM and DCE solution respectively).
As shown in Figure 2.30 complex 4 is active towards methylcyclohexene 
hydrogenation, but very much slower than complex 2d. This indicates that the 
dichloroethane binds too strongly with the cationic iridium centre to allow the catalysis 
to take place at an appreciable rate. This is similar to the effect previously observed by 
partnering the [(PPh;02lrH2]+ cation with the [c/ow-CBnHeW  anion. In this case it is
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the anion which binds too strongly to the iridium for catalysis to occur rather than the 
solvent (Figure 2.31).
PPh<







Figure 2.31 Complexes 2c and 4 whose activity towards hydrogenation of alkenes is hindered by 
binding of the [c/o5 o-CBnH6 I6]' anion (2c) or of dichloroethane (4).
It is clear that the choice of anion and the choice of solvent have significant effects on 
the performance of a catalyst. It is therefore important to bear this in mind when 
designing new catalytic systems as a catalyst could be deemed inactive simply by the 
wrong choice of solvent or by the use of an anion which binds too strongly to the metal 
to allow the catalysis to take place.
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2.5 Conclusions and Future Work
For the iridium complexes 2a-c the solid state structures are confirmed by the solution 
NMR studies in dg-toluene, however it has been observed that the compounds become 
fluxional on increasing temperature. Coalescence temperature determinations have 
allowed the calculation of AG* values, which highlight that the strength of binding to 
the iridium increases in the order [c/aso-CBnF^Cy < [closo-CB nH6Br6]" < 
[closo-CBu H M \
The NMR studies in CD2CI2 solution show that this different binding strength causes 
large differences in the compounds formed in a solvent that does not promote anion 
coordination so strongly. For the more weakly bound anion, [c/oso-CBnHeC^]", the 
complexes observed in solution are similar to those observed for the [BArF4]' 
analogue, which evidence suggests are solvent complexes. At the other extreme is the 
[closo-CBnHekY anion, which binds strongly to the iridium, even in CD2CI2 solution.
These observed differences have an effect on the catalytic activity towards olefin 
hydrogenation, with the [closo-CBwYiM binding too strongly to the iridium to allow 
catalysis to occur. The [closo-CBuH^CUY and [c/6>50-CBnH6Br6]’ anions complexes 
show similar activity towards olefin hydrogenation. However, the stronger binding of 
the [c/oso-CB] iH6Br6]‘ anion renders the catalyst more stable to deactivation on 
occurrence of low olefin concentration. [c /a ro -C B ii^ C y  behaves similarly to the 
[BA r^r anion in this case as neither can offer any stabilisation to the metal, which 
can lead to the formation of inactive dimers (compound 3).
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The variation of the phosphine to give complexes 6a-c highlighted that a smaller 
phosphine causes the anions to bind more strongly than observed for a larger 
phosphine. This had consequences for the catalysis of olefin hydrogenation as the 
[closo-CB]]¥[^BYe]' anion complex reacted at a much slower rate than the 
[c/<m>-CB] jH6Cl6]' analogue.
Future work in this area could include the synthesis of an iridium catalyst with builder 
ligands which would then be partnered with the series of carborane anions. The 
ligands could include phosphines with larger cone angles than PPI13, such as P(’Pr)3, 
or N-heterocyclic carbene (NHC) ligands. Mixed phosphine NHC iridium complexes 
have been synthesized by Crabtree et al.4] and so these may also be interesting to 
study. With bulkier ligands it would be interesting to see if the [closo-CB n F ^ ]  
anion bound more weakly and made the iridium centre more available for alkene 
hydrogenation.
A similar study of the Iridium-PHOX catalysts studied by Pfaltz et a l42 would also be 
of interest as anion effects have been studied6 but these complexes have not yet been 
partnered with the carborane anions. This would be of interest given the chelating 
ligands used in this case. The complexes formed would be quite different from those 
observed here as the ligands are restrained to a cis configuration. The 
enantioselective nature of these catalysts makes for a more useful system and so a full 
understanding of anion effects would be beneficial for obtaining optimal activity.
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3 Rhodium Hydroacylation Catalysts
3.1 Introduction
As described in chapter 1, the hydroacylation reaction involves the C-H activation of 
an aldehyde, to give an acyl-metal hydride intermediate, followed by addition across a 
C=C bond of an alkene to give a ketone containing product. The basic mechanism for 













Scheme 3.1 General mechanism for the rhodium catalysed hydroacylation reaction.
The chelate assisted hydroacylation system using the catalyst “ [Rh(DPPE)]C1 0 4 ” 
developed by Willis et al.' was proposed to produce chelate acyl-metal hydride 
intermediates (Figure 3.1) although intermediates or actual catalysts have not been 
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Figure 3.1 Suggested chelated rhodium acyl hydride intermediate.
Various aldehydes were tested using oxygen and sulphur as the binding atom. It was 
speculated that sulphur stabilised the intermediate more effectively than oxygen,
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giving slower decarbonylation. Whilst these systems give very good yields of the 
hydroacylation product using simple (activated) alkenes such as methyl acrylate, the 
system is still susceptible to decarbonylation as the chelate acyl-metal hydride 
intermediate is a five coordinate species. The system therefore fails with less reactive 
substrates such as unfunctionalised alkenes.
It was reasoned that the use of a ligand capable of providing additional coordinative 
stabilisation to the acyl-metal hydride intermediate would deliver a more robust 
system. A hemilabile ligand would add the extra stabilisation while still allowing the 
necessary latent-vacant coordination site for the reaction to proceed (Scheme 3.2).
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Scheme 3.2 Hemilabile ligand could provide stabilisation to vacant site in acyl-hydride intermediate.
The ligands chosen for study were bis-phosphine ligands with a heteroatom between, 
as these were thought to resemble the successful DPPE system but have the additional 
hemilabile ability. Initial investigations by the Willis group using the ligands 
DPEphos and Xantphos (Figure 3.2) gave no turnover for Xantphos but good 
reactivity for DPEphos so it was this ligand that was the basis for the further study 
described in this thesis. Analogues of this ligand were also investigated to further 
understand the mechanism for the reaction and help to explain the success of the 
DPEphos ligand in this system. It was initially thought that the choice of counterion 
had a significant effect on the system and so this was also investigated. This chapter 
outlines studies with DPEphos and various counterions and the following chapter
12 4
describes the variation of the ligand set. In particular we detail studies that allow the 
complete hydroacylation cycle to be elucidated for the first time.
Figure 3.2 Ligands investigated for use in the rhodium catalysed hydroacylation reaction.
In order to access the reactive complexes in the hydroacylation cycle, suitable 
precursor complexes were needed. Cationic Rh(I) complexes with nbd were 
identified as being suitable due to their ease of synthesis, ability to remove nbd readily 
by hydrogenation and variation of counterion.
D P E p h os X an tph os
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3.2 Synthesis and Characterisation
The rhodium complexes [(nbd)Rh(DPEphos)][X] (9) where DPEphos is the ligand 
bis(2-diphenylphosphinophenyl)ether and X = [closo-CB\ iF ^ C y  (9a), 
[c/oso-CBii^Brs] (9b), [c/oso-CBnF^] (9c), [closo-CB\iH12] (9d), [BAr4F]~ (9e), 
[PF6]' (9f) or [CIO4]' (9g) were synthesised using the route shown in Scheme 3.3.
IK , wCly , ..................Ii^ ^Rh-> "
^Cl
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Scheme 3.3 Synthesis of [Rh(DPEphos)(nbd)]X where X = [closo-CB\iH6C16] (9a), [closo- 
CB,,H6Br6] (9b), [c/ojo-CB„H6I6]‘(9c), [closo-CBu Un ] (9d), [B A r/] (9e), [PF6] (9f) or [C104]
(9g).
All compounds were characterised by 'H and 31P {1H } NMR spectroscopy in CD 2CI2 
solution, and complex 9b with X = [c/o5<9-CBnH6Br6]‘ was further characterised by a 
single crystal X-ray diffraction study. The crystal structure is shown in Figure 3.3 
with selected bond lengths and angles.
12 6
Figure 3.3 ORTEP plot for 9b. Ellipsoids are drawn at the 50% probability level. 









Table 3.1 Selected bond lengths(A) and angles (°) for complex 9b.
The structure shows coordination of the norbornadiene ligand through the four alkene 
carbon atoms, and compared to related complexes, for example 
[Rh(nbd)(SPAN'Pr)][BF4],2 (where SPAN'Pr = 8,8’-bis(diisopropylphosphino)- 
4,4,4’,4’,6,6’-hexamethylspiro-2,2’-bichroman) the Rh-C(alkene) distances are 
unremarkable. The distances range from 2.181(5) to 2.209(5) A for complex 9 and 
2.1828(1) to 2.2024(10) A for [Rh(nbd)SPAN'Pr)]BF4. The phosphorus atoms of the 
chelating ligand are bound to the rhodium with a bite angle of 100.12(5)°. This is 
slightly larger than observed for the complex [(Cp)Ru(DPEphos)Cl] where the angle 
is 96.14(2),3 but smaller than 103.96(6)° observed for the complex 
[(DPEphos)Pd(l,l-(CH3)2C2H3)][BF4].4 It is quite close in fact to the natural bite 
angle of the ligand, 102°, calculated by van Leeuwen et al.5 The oxygen atom of the 
chelating ligand is not bound to the metal with a Rh - O distance of 3.523(3) A. There 
is also no close contact between the rhodium and the anion.
The room temperature NMR data confirmed that the compounds exist as discrete 
anions and cations. The 11B NMR spectra for 9 for those salts with carborane anions, 
[closo-CBnHeCleY (9a), [c/oso-CBnFyB^]" (9b), [closo-CBn F ^ ]  (9c) and 
[closo-CBuHnY (9d), all show three distinct signals corresponding to the B-12 
antipodal boron and the two pentagonal belts for the carborane anions. The signals 
are unshifted from the free anion (e.g. [NBu4][c/o5o-CBnH6X6]). This shows that they 
are not bound to the metal centre, as anticipated for a 16-electron Rh(I) metal cation. 
The 31P{1H} NMR spectra for all compounds show a doublet at 8 17.0 [/(RhP) 159 
Hz] indicative of a Rh(I) centre.
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For simplicity, from here on the {Rh(DPEphos)}+ complexes have been prepared with 
the anion [c/oso-C B nF^C y’ as we show later that this anion gives excellent 
hydroacylation performance and often produces crystalline material. Occasionally for 
the purposes of crystallisation other anions have been used and where this is the case 
it has been stated. With the exception of the [closo-CBwHnY anion (which differs in 
the complex formed on hydrogenation, see later) it can be assumed that reactions 
described can be carried out using any of the anions listed and give comparable 'H 
and 3IP{ 'H)NM R data.
To activate the complexes, giving the labile solvent bound complex necessary for 
entry into the hydroacylation cycle, compound 9 was hydrogenated under 4 
atmospheres of hydrogen in acetone solution to form the compound 
[(DPEphos)Rh(acetone)2][c/<95'6>-CBnH6Cl6] (10, Scheme 3.4). This reaction was 
accompanied by an immediate colour change from orange to red.
(S) = Acetone
9 10
Scheme 3.4 Synthesis of [Rh(DPEphos)(acetone)2][c/o5 (?-CBilH6Cl6] 10 (anion not shown).
Complex 10 was characterised by ‘H, ^ 'P l'H } and n B NMR spectroscopy 
(d6-acetone), ESI-MS, and also by X-ray diffraction. The solid state structure is 
shown in Figure 3.4 and shows a square planar Rh(I) motif with the coordination of 
two acetone molecules (there was some disorder in the acetone molecules so bond
1 2 9
lengths and angles are not particularly reliable). The DPEphos ligand is coordinated 
via the phosphorus atoms and there are no close Rh—O interactions with the oxygen 
atom of the P-O-P ligand, with a Rh-0(3) distance of 3.562(2) A. There are no 
interactions between the anion and the cationic rhodium centre.
The NMR data of a d6-acetone solution of complex 10 are in full accord with the solid 
state structure. The data also confirmed that the compound exists as a solvent 
separated ion pair as, once again, the n B NMR spectra for complex 10 shows three 
distinct signals corresponding to the B-12 antipodal boron and the two pentagonal 
belts. The 31P{]H} NMR spectrum gives a doublet at 8 41.8 [/(RhP) 209 Hz]. 
ESI-MS data confirm the formula, with a peak at 757.2 ra/z corresponding to the 
parent ion. There are also peaks at 699.1 and 641.1 ra/z corresponding to the loss of 
one or two acetone molecules respectively, acetone clearly easily lost under the 
conditions required for ionisation (albeit the soft conditions used for ESI-MS in this 
case).
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Figure 3.4 ORTEP plot for complex 10. Ellipsoids are drawn at the 50% probability level.












Sum of angles 
around Rh
359.47
Table 3.2 Selected bond lengths(A) and angles (°) for complex 10.
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Upon hydrogenation, all compounds 9 form the bis(acetone) compound, with the 
exception of the complex partnered with the [closo-CBuHn]' anion, (9d). This forms 
the compound [Rh(DPEphos)(c/as0 -CBnH]2)], 11, in which the carborane is bound to 
the rhodium through 2 3-centre-2-electron Rh-H-B interactions with the lower 
pentagonal B(7) and B(8) vertices with Rh-B bond distances of 2.3517(17) and 
2.3952(16) A. The complex was characterised by !H and 31P{1H} NMR spectroscopy 
and by X-ray diffraction studies. The crystal structure is shown in Figure 3.5 and 
shows the square planar rhodium centre with no acetone bound, this showing that the 
[closo-CBuUn]' anion binds more strongly than acetone in this system. The 
phosphorus atoms are arranged cis to each other with a P-Rh-P angle of 97.4°. There 
are no close Rh—O interactions with the distance between the two atoms 3.5606(11)
o
A.
Structures containing this 7,8- binding motif of the [closo-CBuWnY anion have been 
observed before, for example, in the complex [(PCy3)2Rh(c/o50-CBnH]2)].6 In this 
case the interactions are also through two 3-centre-2-electron Rh-H-B interactions 
with the lower pentagonal B(7)-H and B(8)-H vertices. The Rh-B distances reported 
for [(PCy3)2Rh(c/(9w-CBnHi2)] are 2.389(5) and 2.393(5) A. The longer of the two 
Rh-B bond lengths in 11, 2.3952(16) A, is consistent with this however the other 
Rh-B bond length is a little shorter at 2.3517(17) A. The reason for this is unknown 
given there is no difference in the trans ligand for each boron. It is most likely due to 
crystal packing effects. Other literature examples of coordinated [closo-CB11H 12]’ 
show similar 3-centre-2-electron Rh-H-B interactions but with coordination of the 
lower pentagonal B(7) vertex and the antipodal B(12) vertex.7, 8 The energy
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difference between 7,8- and 7,12- binding is small (~4 kJ mol'1)6 and thus both 
binding motifs are energetically reasonable.
The NMR data support the solid state structure, in the 31P{1H} NMR spectrum a 
doublet is seen at 8 37.3 with /(RhP) equal to 180 Hz. In the JH NMR spectrum a 
high field shift is observed for the BH(7-U) signals to 8 0.02 and the BH(12) signals 
to 8-2.18 (with 7(BH) approximately 115 Hz) compared to the signals observed for a 
the free cage in complex 9d at 8 1.6 and 8 1.7. In the ]1B{]H} NMR spectrum the 
signals are in the ratio 1:5:5 and the two pentagonal belts are almost coincident. 
These data are not consistent with a static, bound cage as the Cs symmetry observed in 
the solid state would give seven signals in the ratio 1:2:2:2:2:1:1. It is clear that at 
room temperature, in solution, the {Rh(DPEphos)}+ fragment is fluxional over the 
lower surface of the cage to give time-averaged Csv symmetry to the cage. Such 
fluxional processes in complexes of [closo-CBuHn]’ are common.6,7
On addition of aldehyde and alkene to complex 11 the species observed are analogous 
to those observed with complex 10 i.e. no further interaction of the anion with the 
metal centre is observed.
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Figure 3.5 ORTEP plot of complex 11. Ellipsoids drawn at the 50% probability level. 












Table 3.3 Selcted bond lengths (A ) and angles (°) for complex 1 1 .
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3.2.1 Acyl-Hydride Intermediates
To study the hydroacylation catalytic cycle in detail it was necessary to add the 
reagents sequentially to the rhodium complex 10 and observe the species formed at 
each stage. The first stage in the hydroacylation cycle is thought to be the formation 
of an acyl-Rh hydride species via CH bond activation of the aldehyde. The aldehyde 
chosen for this system is the chelating aldehyde, 3-(methylthio)propionaldehyde, I 
(Figure 3.6).
SM e O
Figure 3.6. 3-(methylthio)propionaldehyde, I.
This aldehyde has been shown by Willis et al. 1 to give improved conversion to the 
product of hydroacylation compared to non-chelating aldehydes. Addition of 1 
equivalent of I to complex 10 in d6-acetone generates a complex identified by 
spectroscopic methods as the acyl-Rh hydride
[Rh(DPEphos)(MeSCH2CH2CO)H][c/oso-CB,,H6C16], 12, Scheme 3.5.
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Scheme 3.5. Synthesis of the acyl hydride [Rh(DPEphos)(MeSCH2CH2CO)H]+, 12 by addition of 
3-(methylthio)propionaldehyde, I, to complex 10.
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The complex was characterised by 'H, ^ P l 'H }  and 13C {1H } NMR spectroscopy. At 
298 K the 'H NMR spectrum shows signals associated with the phenyl groups on the 
phosphorus at ca. 5 7, a broadened hydride signal at 8 -8.75 as a doublet of triplets, 
with the coupling to phosphorus very small and indicative of cis coupling 
[/(RhH) 23 Hz and /(PH ) ~ 1Hz]. The 31P{ *H} NMR spectrum shows a doublet at 
8 26.02 [/(RhP) 127 Hz]. On progressive cooling to 180 K there is no significant 
change to the hydride resonances in the 'H NMR spectrum but the 3iP{'H ] NMR 
spectrum shows a splitting of the doublet to display a tightly coupled ABX system 
with trans PP coupling [/(PP) 303 Hz] (Figure 3.7).
298 K
28.0 26.0 24.0 ppm
Figure 3.7 Variable temperature 3 1P{ *H} NMR of complex 12.
These data suggest that at room temperature the molecule is fluxional, but at low 
temperature, the molecule is static on the NMR timescale and the DPEphos ligand
J(RhP)
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coordinates the metal with trans phosphines. The oxygen atom in this case is more 
than likely coordinated to the Rh atom giving a mer arrangement for the ligand. As 
will be demonstrated later with a different aldehyde this is confirmed by X-ray 
crystallography. The phosphorus atoms in the low temperature structure are rendered 
inequivalent due to the orientation of the methyl on the sulphur atom.
We assign the hydride as being trans to the sulphur atom and cis to the acyl, and the 
relatively large 7(RhH) coupling constant of 23 Hz is consistent with this. Hydrides 
trans to high trans-influence acyl group would be expected to have much smaller 
coupling constants. Literature acyl-hydride complexes are quite rare9'13 and tend to 
assign the acyl and the hydride in a cis arrangement with relatively large 7(RhH) 
coupling constants. For example, in the complex [(P]Pr3)2Rh(COMe)H(OTf)] the 
crystal structure shows a cis arrangement of the acyl and the hydride and the NMR 
data shows a 7(RhH) value of 35 Hz.12 In the complex
[(PMe3)3RhH(COCH2CH2CHCH2)] the acyl and the hydride are also assigned a cis 
arrangement and the NMR data gives a 7(RhH) value of 18.3 Hz.13
Further evidence for this assignment is obtained from a ^ ^ H  COSY NMR spectrum 
at 298 K revealing a correlation between the hydride signal and the methyl on the 
sulphur atom of the aldehyde. This extra coupling is also an explanation for the 
broadness of the hydride peak, even at low temperature. The observation of this 
interaction is useful in the determination of the mode of fluxionality at room 
temperature, as decoordination of a ligand to form a five-coordinate species would be 
necessary for this molecule to reorganise by this low energy process. The two most 
likely candidates for this would be the sulphur of the aldehyde and the oxygen of the
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DPEphos ligand. The presence of (Me-S)-(Rh-H) coupling makes the oxygen 
decoordination the more likely of the two as breaking the Rh-S bond would result in 
no coupling between the methyl and hydride. The observation of Rh-P coupling at 
room temperature demonstrates that phosphorus does not decoordinate during the 
fluxional process.
In the 13C{ ]H} NMR spectrum obtained at 220 K the acyl carbon bound the rhodium 
can be identified at 8 223.2 as a doublet with /(RhC) 34 Hz. This is similar to the 
observation of the acyl carbon in the complex [Rh(acac)(PPh3)(MeCO)I]2 at 8 212.4 
[/(RhC) 28 Hz].14 Other signals identified include those pertaining to the aromatic 
carbons bound to the oxygen of the DPEphos ligand at 8 160.3 and 157.1, the other 
aromatic carbons in the range 8 137 - 118 and the carborane carbon at 8 42.7.
Attempts to isolate X-ray quality crystals of complex 12 from acetone solution 
resulted (after 7 days at room temperature) in the isolation of the complex 
[Rh(DPEphos)(MeSEt)(CO)]+ 13 (coupled with the [closo-CBuHM  anion), shown 
in Scheme 3.6, the product of decarbonylation. Decarbonylation is a common 
problem with hydroacylation catalysts,1’ 1519 as it competes with the desired reaction 
and forms an inactive complex, it was therefore of interest to characterise the complex 
formed. The complex was characterised by ]H and 31P{1H} NMR spectroscopy, 










Scheme 3.6 Formation of [Rh(DPEphos)(MeSEt)(CO)]+ complex 13.
The structure shows a square planar Rh(I) motif with the largest angle around the Rh 
atom being the P-Rh-P angle [98.64(4)°]. There, again, are no close Rh—O 
interactions, with a distance between the two of 3.525(3) A. The Rh-P(l) bond length
[Rh(DPEphos)(acetone)2 ]+ (10) which are 2.2019(5) and 2.1978(6) A. This is due to 
the CO ligand weakening the bonding between the rhodium and the phosphine trans 
to it, being a high trans-influence ligand. The Rh-P(2) bond length is 2.3087(11) 
which is closer to those observed for 10.
'H and 31 P{1H } NMR spectroscopy confirms that the solution structure matches that 
in the solid state. In the 'H NMR spectrum signals are observed for the thioether 
group as a singlet at 5 2.19 (methyl), a triplet at 8 1.21 and a quartet at 8 2.66 (ethyl). 
In the 31P {1H } NMR spectrum at room temperature, one very broad singlet is 
observed for the two phosphorus atoms in the complex. On cooling to 220 K the 
signal splits into two doublets of doublets at 8 20.7 [/(RhP) 150 Hz, 7(PP) 30 Hz] and 
8 15.9 [/(RhP) 125 Hz, /(PP) 30 Hz] with the /(PP) value indicating a cis 
arrangement of the phosphorus atoms. The Rh-P coupling constants are smaller than 
that observed for the acetone complex, 10, which had a /(RhP) value of 209 Hz 
indicating that the Rh-P bonds are weaker in complex 13 than in 10. The smaller
of 2.3872(10) A is significantly longer than those observed for the complex
13 9
value of 125 Hz is likely to correspond to the phosphorus atom trans to the CO ligand 
given this will have the weaker of the two bonds. Reorganisation most likely occurs 
by decoordination of the thioether ligand.
ESI-MS helps to confirm the structure of 13 in solution as a peak is observed at 
699.06 m/z corresponding to a loss of the fragment MeSEt from the parent ion. This 
ligand loss is due to the weak binding of the sulphur ligand. This data suggests that 
the aldehyde has undergone decarbonylation as loss of this fragment from the 
aldehyde complex (12) would require breaking a C-C bond, a process which would 
not be expected under the mild conditions used for ESI-MS.
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Figure 3.8 ORTEP plot of the complex [Rh(DPEphos)(EtSMe)CO][c/o5o-CBnH6I6], 13. Ellipsoids 










Table 3.4 Selected bond lengths (A ) and angles (°) for complex 13.
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Figure 3.9 2-(methylthio)benzaldehyde, II.
A further attempt to obtain X-ray quality crystals of the acyl-hydride intermediate 
involved the use of the similar aldehyde, 2-(methylthio)benzaldehyde, II (Figure 3.9). 
It was hoped that the resulting acyl complex might be more stable to decarbonylation 
than that formed from the addition of I. This stability was expected to arise from the 
more rigid aromatic backbone of the aldehyde that would inhibit decarbonylation.
As expected, on addition of II to complex 10, the complex 
[Rh(DPEphos)(MeSC6H4CO)H][c/<m>-CBiiH6Cl6], 14 was formed (Scheme 3.7) in 
quantitative yield by NMR spectroscopy. It has comparable NMR data to complex 
12, showing a hydride signal at 8 -8.26 as a broadened doublet in the 'H NMR 
spectrum and a doublet at 8 26.6 in the 31P{ 'H } NMR spectrum at 298 K. On cooling 
to 190 K the doublet in the 31P{ 'H } NMR spectrum splits into an ABX second order 
coupling pattern with doublets of doublets at 8 26.7 and 8 25.7 [7(RhP) 122 and 124 
Hz respectively] and a large 7(PP) value of 299 Hz observed, indicative of trans 




Scheme 3.7 Synthesis of [Rh(DPEphos)(MeSC6H4CO)H]+, 14.
[d, /(RhC) 32 Hz], Also observed are signals pertaining to the aromatic carbon atoms 
bound to the oxygen of the DPEphos ligand at 8 191.2 [vt, /(PC) 6 Hz], the remaining 
aromatic carbon atoms in the range 8 143 - 117, the carborane anion carbon at 8 41.4 
and the methyl of the sulphur at 8 19.5. Complex 14 was characterised by ESI-MS 
which showed a peak at 793.1 m/z corresponding to the parent ion, therefore 
confirming the formula.
X-ray quality crystals of 14 (partnered with the [closo-CBuR^Bre]' anion) were 
obtained from diffusion of pentane into a solution of the complex in fluorobenzene. 
The data show a slightly distorted octahedral Rh(III) species with mer coordination of 
the DPEphos ligand (Figure 3.10). The complex has a P-Rh-P angle of 155.93(5)° 
and a short Rh- 0  distance of 2.248(3) A. The structure therefore confirms that the 
phosphine atoms can occupy trans sites and, more importantly, that the oxygen atom 
can fill an otherwise vacant site on the Rh, protecting the complex from 
decomposition. The structure also confirms that the hydride ligand is trans to the 
sulphur atom as proposed from spectroscopic data. The structure also shows a 
dihedral angle of -48.4(2)° for C8-S-Rh-02 which shows that the methyl on the 
sulphur lies on one side of the rhodium, towards one phosphorus atom. This is 
identified as the source of the subtle inequivalence of the two phosphorus atoms 
observed in the low temperature 31 P^H} NMR spectrum, giving an ABX coupling 
pattern. Complex 14 is a significantly more stable complex than 12, studies discussed 
later show that after 7 days only 50% of the complex in solution has converted to the 
product of decarbonylation, [(DPEphos)Rh(CO)(C6H5SMe)][c/o5o-CBnH6Cl6], 15.
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Figure 3.10 ORTEP plot for [Rh(DPEphos)(MeSC6H4CO)H][c/o5o-CBnH6Br6], 14. Ellipsoids are 












Table 3.5 Selected bond lengths (A) and angles (°) for complex 14.
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3.2.2 Isolation of Intermediates Analogous to Alkene-coordinated Complexes
The next stage in the reaction cycle would require addition of alkene (in this case 
methyl acrylate) to the acyl-hydride intermediate. It was thought that the first step 
would be coordination of the alkene to the metal by displacement of the oxygen from 
the rhodium (Scheme 3.8).
Me
Not Observed
Scheme 3.8. Addition of alkene to the acyl-hydride complex followed by rapid migratory insertion.
This step of the reaction very quickly proceeds to the migratory insertion of the alkene 
into the Rh-H bond and so the species could not be studied by addition of the alkene. 
We return to the product of this later. Migratory insertion has been shown to be fast 
in reactions such as carbonylation of methyl iodide.20"22 Previous studies of 
hydroacylation systems have observed that the oxidative addition and migratory 
insertion steps are fast and reductive elimination is slower and the rate limiting step.18 
19 This means that observation of the intermediate shown in Scheme 3.8 would be 
very difficult but the observation of the intermediate formed after migratory insertion 
has taken place could be possible.
Instead, as a working model for the intermediate shown in Scheme 3.8, ten 
equivalents of acetonitrile were added to complex 12 as it was hoped this ligand 
would bind well with the rhodium without reacting further with the complex.
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The resulting compound [Rh(DPEphos)(COC2H4SMe)H(MeCN)][c7<m>-CBiiH6Cl6], 
16, was characterised by !H and 31P{]H} NMR spectroscopy and X-ray diffraction 
studies. The solid state structure (Figure 3.11) shows an octahedral Rh(III) geometry 
with the phosphine atoms now cis to each other and no close Rh- O interactions are 
observed with the distance between the two atoms 3.592(2) A. Significant 
re-organisation of the ligands has also occurred as the hydride is no longer trans to the 
sulphur ligand as was suggested for complex 12 and observed for complex 14.
The !H and 31P{]H} NMR spectra for complex 16 show that in solution the complex 
exists as two, slowly interconverting isomers in the approximate ratio 7:3. These are 
in a temperature dependent equilibrium with complex 12 (more later). In the ]H NMR 
spectrum, two broad signals are observed in the hydride region (8 -16.4 and 8 -16.5, 
ratio 7:3) which on cooling to 200 K sharpen into two doublets of triplets [/(PH) 16 
Hz for both signals and /(RhH) 6 Hz and /(RhH) 7.5 Hz respectively]. In the 31P{ ’H } 
NMR spectrum four signals are seen which on cooling to 200 K all sharpen into 
doublets of doublets at 8 31.9 [/(RhP) 148 Hz, /(PP) 19 Hz] and 8 6.6 [/(RhP) 65 Hz, 
/(PP) 19 Hz] for the major isomer, and 8 33.1 [/(RhP) 153 Hz, /(PP) 19 Hz] and 8 7.4 
[/(RhP) 64 Hz, /(PP) 19 Hz] for the minor isomer. Both isomers have cis phosphines 
as indicated by the small /(PP) values.
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Figure 3.11 ORTEP plot for [Rh(DPEphos)(COC2H4SMe)H(MeCN)][c/o50-CB,,H6Cl6], 16. 












Table 3.6 Selected bond lengths (A) and angles (°) for com plex 16.
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There are four possible isomers for this compound as shown in Figure 3.12, however, 
both isomers observed in this case clearly have one large and one small Rh-P coupling 
constant. This indicates that opposite one, and only one, phosphine is a strong trans 
influence ligand for both isomers. Hydrides and acyl ligands are both such ligands. 
This rules out isomer iv in the assignment as both phosphines would be expected to 
have small ./(RhP) coupling constants.
i ii iii iv
Figure 3.12 Possible isomers for complex 16.
Isomer i is shown in the crystal structure so presumably this is one of the isomers in 
solution and fits the NMR data. This leaves the minor isomer assigned as either ii or 
iii. Looking at the coupling constants for this isomer the /(PH ) value for the hydride 
is small, 15.7 Hz, and the same for coupling to both phosphines. If the hydride was 
trans to one phosphine and cis to another, as in isomer iii, the pattern observed would 
show one large and one small /(PH) value. The minor isomer in solution is therefore 
assigned as isomer ii.
The analogous complex [Rh(DPEphos)(COC6H4SMe)H(MeCN)][c/o5<9-CBiiH6Cl6], 
17, can be synthesised in the same way and similar NMR data are obtained. The two 
isomers observed are the same as for complex 16 however the ratio of the two isomers 
is now 1:1 at room temperature.
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A similar complex to 16 was observed when an excess of I was added to complex 10. 
At room temperature the ]H and 31P{1H} NMR spectra are the same as observed for 
complex 12, however, on cooling to 220 K it is apparent that, in equilibrium with 
complex 12, there are two isomers of another species, 18 (in the ratio 2 : 1 : 1 for 
12 : 181: 18ii). At low temperature in the 31P{1H} NMR spectrum there are four 
signals in addition to those pertaining to 12, each one a doublet of doublets, at 8 31.2 
[/(RhP) 148 Hz] and 8 1.0 [/(RhP) 61 Hz] corresponding to the first complex (i) and 
8 30.9 [/(RhP) 149 Hz] and 8 2.84 [/(RhP) 62 Hz] corresponding to the second 
complex (ii). As observed for complex 16 there is one large and one small Rh-P 
coupling constant for each species suggesting that the complex has just one of the 
phosphines trans to a high rraws-influence ligand. In the *H NMR spectrum there is 
an additional signal at 8 -13.1 pertaining to the hydrides of both isomers which 
overlap to give an unresolvable multiplet. The possible explanation for the formation 
of this compound is that the oxygen atom has been displaced, this time by a second 
molecule of aldehyde binding either through the oxygen or sulphur, giving the 
complex [(DPEphos)Rh(COC2H4SMe)H(MeSC2H4CHO)]+, 18.
Support for this suggestion of oxygen binding comes from the observation of a second 
peak in the lH NMR spectrum for the aldehyde proton at low temperature. The free 
aldehyde proton is observed at 8 9.72 and a second peak occurs at 8 9.45 
corresponding to a bound aldehyde molecule that has not undergone C-H activation. 
If the second molecule were bound via the sulphur atom it is unlikely to give a 
different chemical shift for the aldehyde proton from the free aldehyde.
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Figure 3.13 Rhodium complexes with //'- and rj1- coordination of an aldehyde.
Examples of aldehyde coordination can be found in the complexes observed by 
Bosnich et al. showing both //'- and rj1 - coordination of an aldehyde to a rhodium 
centre (Figure 3.13).23 They observed for //'-coordination, the aldehyde proton shifts
0.5 ppm upfield from the free aldehyde signal whereas for ^-coordination the 
difference is 3.6 ppm. The chemical shift observed for the aldehyde proton in 
complex 18 is therefore consistent with //'-coordination the aldehyde to the rhodium 
centre.
Complex 18 is therefore assigned as having an //'-coordinated aldehyde ligand and the 
two postulated isomers are shown in Figure 3.14. The final possible isomer would 
have the hydride trans to a phosphine (i.e. the hydride and acyl ligands in isomer i 
swapped around) but given the similarity in chemical shift of the hydrides of the two 
observed isomers this is discounted.
Figure 3.14 Two isomers of complex 18, [(DPEphos)Rh(COC2H4SMe)H(MeSC2H4CHO)]+.
As mentioned previously, on addition of methyl acrylate to complex 12, a complex 
analogous to complex 16 is not observed as it quickly undergoes migratory insertion 
of the alkene into the Rh-H bond to form the intermediate 
[(DPEphos)Rh(COC2H4SMe)(CH2CH2C 0 2M e)][c/ow-CBi ,H6C16], 19. This
intermediate has only been observed by NMR spectroscopy at low temperature 
(200 K). At room temperature the signals are broad and the intermediate is not long 
enough lived (half life ca. 30 mins) to obtain adequate data.
For this complex, three isomers are observed by 31P {1H } NMR spectrum and are 
shown in Figure 3.15. Assignment by 'H NMR spectroscopy was not possible due to 
the overlap of signals for each isomer and the presence of complex 12 still in solution. 
Characterisation is thus tentative, however, no hydride signals are observed at high 
field suggesting that insertion of the alkene into the Rh-H bond has occurred.
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Figure 3.15 Isomers of intermediate 19.
Six doublet of doublets are observed, corresponding to three isomers, at 8 26.4 
[/(RhP) 168 Hz] and 6 1.8 [/(RhP) 77 Hz], 8 22.7 [/(RhP) 170 Hz] and 8 7.6 
[/(RhP) 73 Hz] and finally 8 2.8 [/(RhP) 63 Hz] and 8 1.1 [/(RhP) 61 Hz]. Once 
again, two of the isomers have one large and one small /(RhP) value, corresponding 
to isomers i and ii where only one phosphine is opposite a high trans influence ligand.
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In isomer iii the two /(RhP) values are both small and so one phosphine is trans to the 
acyl and the other trans to the alkyl. This isomer is in the smallest proportion of the 
three and makes up only 20% of the total concentration of complex 19 in solution.
All isomers have cis phosphine atoms, indicated by the small /(PP) values observed 
(29 and 31 Hz for i and ii and 18 Hz for iii). It is unknown whether the species 
remain five coordinate or if the oxygen atom of the DPEphos ligand or a solvent 
molecule occupies the extra coordination site. Given their highly fluxional behaviour 







Figure 3.16 Isomers of intermediate 20
Similarly, the complex [(DPEphos)Rh(COC6H4SMe)(CH2CH2C02Me)][c/<95,o- 
CB]|H6Cl6], 20 was observed at low temperature after addition of methyl acrylate to 
complex 14. The NMR data shows analogous isomers in the same ratio as observed 
for complex 19 (Figure 3.16). This complex was slightly longer lived than complex 
19 and it was possible to confirm the formula by ESI-MS. A peak was observed at
879.2 m/z corresponding to the parent ion. On fragmentation this complex lost 
86.1 m/z units (Figure 3.17), equal to the mass of a methyl acrylate molecule, to give a 
peak at 793.1 m/z corresponding to a return to complex 14. This observation supports
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the suggested structures for complexes 19 and 20, as facile beta-hydride transfer 
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Figure 3.17 ESI-MSMS (fragmentation of complex 20, parent ion at 879.2 m/z) 
showing loss of methyl acrylate unit to give a fragment ion at 793.1 m/z.
3.2.3 Reductive Elimination of the Product
The final step of the hydroacylation reaction is a C-C bond forming transformation 
and involves reductive elimination from the Rh metal centre, changing the Rh(III) 
species into a Rh(I) species. It was initially thought that the organic product, a 
ketone, would be lost from the Rh centre immediately on reductive elimination, 
reforming the bis acetone complex 10. However, when no excess of aldehyde is 
present a species can be observed where the product is still bound to the rhodium 
([Rh(DPEphos)(MeSC2H4COC2H4C02Me][c/6>5<9-CBiiH6Cl6], complex 21), probably 
via the sulphur atom and one of the C = 0  groups (Figure 3.18). When there is an 
excess of aldehyde present the organic product is displaced by the aldehyde to give 
complex 12, which on addition of alkene turns over again to give the product. 




Figure 3.18 Possible structure for complex 21.
In the 31P {1H } NMR spectrum at room temperature there are two broad signals at 
5 42.9 and 8 30.4 with no observed couplings. On cooling to 220 K two sharp 
doublets of doublets are observed at 8 44.6 [./(RhP) 153 Hz] and 8 21.2 [/(RhP) 129 
Hz] with /(PP) 28.4 Hz, indicative of cis phosphines. Both phosphorus atoms have a 
Rh-P coupling constant greater than 100 Hz indicating that neither are trans to a high 
trans influence ligand. This confirms that the reductive elimination step has already 
taken place and complex 21 is not merely an isomer of complex 19. Further 
confirmation for this comes from the ESI-MS data obtained. The parent ion is 
observed at 831.13 m/z, which is the same as for complex 20, but crucially, on 
fragmentation a peak is observed at 641.1 m/z. This corresponds to the 
{Rh(DPEphos)}+ fragment indicating that the whole organic product has been lost as 
one unit (as opposed to the methyl acrylate unit being lost separately). This further 
confirms that the reductive elimination step has taken place but that the product 
remains bound to the Rh centre.
The analogous complex with II as the aldehyde was also observed, 
([Rh(DPEphos)(MeSC6H4COC2H4C02Me][c/o5<7-CBiiH6Cl6], complex 22) however 
at low temperature there are two isomers, one with cis and the other with trans 
phosphorus atoms. The 31P {1H } NMR spectrum at 200 K showed peaks at 8 34.7 
[/(RhP) 150 Hz] and 8 23.2 [/(RhP) 104 Hz] with a /(PP) value of 23 Hz which is
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very similar data to that obtained for complex 21. It is therefore assigned as having 
the same structure as suggested for 21. The other signals observed show an ABX 
coupling pattern similar to that observed for the acyl-hydride complexes previously 
discussed with peaks at 8 19.9 and 8 17.5, both with 7(RhP) values of 110 Hz and a 
very large trans 7(PP) value of 427 Hz. No hydride peaks were observed in the ‘H 
NMR spectrum. It is thought that the presence of the benzene ring on the substrate 
makes the bite angle of the ligand larger i.e. the angle S-Rh-O is bigger and so pushes 
the phosphorus atoms towards each other in the cis isomer causing steric strain. This 
may encourage the DPEphos ligand to open out into a mer coordination mode to 
overcome this steric strain (Figure 3.19). The resulting complex could either be Rh(I) 
with 18 electrons and have a trigonal bypyramidal structure or Rh(I) with 16 electrons 
and a square planar structure with monodentate binding of the organic product.
Once again, ESI-MS confirms the formula of 22 with a peak at 879.2 m/z for the 
parent ion. It also supports the suggestion that the final organic product remains 
bound to the metal by the fragmentation pattern observed. This can be directly 
compared to complex 20 as the masses of the two complexes are identical but the 
fragmentation patterns are different (Figure 3.20).
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Figure 3.20 Left: ESI-MSMS (fragmentation of complex 22, parent ion at 879.2 m/z) showing loss of 
organic product unit to give a fragment ion at 641.1 m/z.
Right: ESI-MSMS (fragmentation of complex 20, parent ion at 879.2 m/z) showing loss of methyl 
acrylate unit to give a fragment ion at 793.1 m/z.
This species is the final complex in the catalytic cycle as on addition of the 
corresponding aldehyde, with an excess of alkene, the acyl-hydride complex is formed 
and the reaction continues.
A time/concentration plot showing the reaction profile by turnover of 1 equivalent of 
II and excess methyl acrylate at room temperature is shown in Figure 3.21. This was 
determined by species concentration observed by in situ NMR spectroscopy over 
time. It shows the reduction of the acyl-hydride (complex 14) concentration on 
addition of methyl acrylate and the conversion to the alkyl-acyl intermediate (complex 
20). This is then followed by conversion to the organic product which remains bound 
to the rhodium centre giving complex 22. The entire catalytic cycle, as determined by 
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Figure 3.21 Hydroacylation reaction between II and methyl acrylate using 
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Scheme 3.9 Entire hydroacylation catalytic cycle.
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3.3 Catalytic Activity and Stability
The course of the reaction now fully understood and each stage characterised as well 
as possible, it was necessary to use the catalyst in the hydroacylation reaction and 
compare it to other catalysts. To compare, the [Rh(DPPE)(nbd)]+ catalyst was used 
(23), as this was shown by Willis et al}  to have good activity when used in 
combination with a chelating aldehyde. Various anions were partnered with the 
[Rh(DPEphos)(nbd)]+ complex to assess any effects this may have on the performance 
of the catalyst. The [closo-CBwH^BTeY anion was partnered with the Rh(DPPE) 
complex.
The catalysis was carried out in acetone solution in a J. Young’s ampule with 5 mol % 
catalyst loadings at 55 °C (Scheme 3.10). The reaction was monitored by G.C. via 
samples taken at 30, 60, 120 and 180 mins. The results are shown graphically in 
Figure 3.22.
5 mol % [R h(L )(acetone)2]X M eS  
55 °C I
a ce to n e
O
Scheme 3.10 Hydroacylation reaction between I and methyl acrylate.
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Figure 3.22 Plot of conversion vs time for hydroacylation reaction using catalysts 
[(DPEphos)Rh(nbd)]X and [(DPPE)Rh(nbd)][c/o50-CBnH6Br6].
The results show that for the DPEphos ligand the anion does not affect the activity of 
the catalyst very much as the final conversion percentages after 3 hours are similar 
and most likely within the error of the experiment. This is not unexpected given there 
is no evidence to suggest that the anion becomes involved in the catalytic cycle at any 
point. The exception to this may be the [PF6]" anion which shows the worst 
performance of the group and could be attributed to its water intolerance.24'27 This is 
even more likely when it is considered that the reaction is carried out in acetone which 
is difficult to rigorously dry. Importantly, the iodo carborane does not inhibit the 
catalysis to any great extent; in contrast to results reported in chapter 2 that show tight 
binding of this anion completely suppresses activity in alkene hydrogenation.
The DPEphos ligand does seem to give the catalyst a better performance than 
observed for the DPPE catalyst which gives only 35 % conversion in 3 hours. The 
otherwise identical [Rh(DPEphos)(nbd)][c/cw?-CBuH6Br6] catalyst gave a conversion 
of 65 % in the same time span. This difference is likely to be due to the presence of 
the hemilabile donor group which can protect the vacant site on formation of the
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acyl-hydride intermediate so slowing decomposition or deactivation via 
decarbonylation.
To probe this observation regarding the influence of the chelating ligand further, the 
two catalysts [Rh(DPEphos)(acetone)2 ][c /o^ -C B nH 6 Cl6 ] (10) and 
[Rh(DPPE)(acetone)2 ][c/aw -C B nH 6 Br6 ] (24) were treated with the two aldehydes 
used in the studies of the catalytic system, I and II, to form complexes 12 and 14 for 
the DPEphos ligand and [Rh(DPPE)(COCH2CH2SMe)H]+, 25, and 
[Rh(DPPE)(COC6H4SMe)H]+, 26, and their *H and ^ P l'H }  NMR spectra observed 
over the course of a week. The complexes all showed a certain degree of 
decomposition over time and the results have been summarised in Figure 3.23, a 
graph plotting the concentration of acyl-hydride (following depletion of the hydride 
signal in the 'H NMR spectra) versus time.
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Figure 3.23 Decomposition of the acyl-hydride intermediates over 1 week.
N.B. Concentrations calculated from NMR integrals. Scale difference for initial concentrations due to 
DPPE compounds not forming the acyl complexes to 100% on addition of aldehyde.
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As can be seen from the graph, for the complexes with the DPPE ligand (25 and 26), 
only about 30% of the catalyst solution forms the acyl-hydride immediately after 
addition of aldehyde. The remainder of the material in solution cannot be assigned to 
any particular complex, the NMR spectra and ESI-MS showing a mixture of 
compounds. Further to this, for the complex with I (25), the complex continues to 
decompose and is practically undetectable after 3 days. Its decomposition over this 
time does not give smooth conversion to the decarbonylated complex as expected, but 
to a mixture of compounds. It may be that this complex, without the protection of the 
hemilabile atom, is highly sensitive to air and moisture and decomposes via various 
different routes. For the DPPE ligand complex with II (26), once formed, the 
acyl-hydride is relatively stable showing very little decomposition over the time.
The DPEphos ligand seems to provide stability to the acyl-hydride intermediate with 
clean conversion to the acyl-hydride on addition of both aldehydes studied. This can 
be attributed to the presence of the oxygen atom as it can potentially fulfill two roles. 
Firstly, it can protect the vacant site against contaminants such as oxygen or water but 
it can also slow decarbonylation by forming a 6 coordinate species. Decarbonylation 
requires a 5 coordinate species as the process involves reductive elimination, a 
transition state of which requires quite significant distortion making it unaccessible to 
6 coordinate species without initial disociation of a ligand (Scheme 3.11).28'31
161
Scheme 3.11 General mechanism for reductive elimination.28,29
For the DPEphos complex with I (12) the concentration of acyl-hydride complex 
drops to zero over 7 days, with a half life of around 24 hrs. Given the hydroacylation 
reaction for this aldehyde with methyl acrylate reaches 65 % conversion in just 3 
hours at only slightly elevated temperatures this is a very promising result. This 
therefore means that the rate of decomposition due to decarbonylation or other routes 
is significantly slower than the rate of the reaction and so sufficient stabilisation of the 
acyl-hydride intermediate is achieved. The sole complex left in solution at the end of 
the observation time is complex 13, the product of decarbonylation, which has been 
identified by !H and 3IP{,H} NMR spectroscopy and ESI-MS. Clearly the 
acyl-hydride complex is fluxional at room temperature, allowing the oxygen atom to 
decoordinate producing a 5 coordinate species at which point decarbonylation can still 
occur.
The results for the DPEphos complex with II (14) show the acyl-hydride complex 
formed is even more stable than for that of I as the concentration dropped to 50% over 
a much longer period of 7 days.
A plot of ln([Rh(acyl)hydride]t/[Rh(acyl)hydride]o) versus time would give a straight 
line if the decarbonylation reaction is first order in metal complex.32 The slope of the
line is equal to -k, the rate constant for the reaction. The graph was plotted for the 
DPEphos complexes (Figure 3.24) showing a first order reaction and giving 
k = 1.2 xlO"6 s '1 for the decomposition of [(DPEphos)Rh(MeSC6H4CO)H]+, (14), and 
k = 1.0 xlO'5 s '1 for the decomposition of [(DPEphos)Rh(MeSC2 H4CO)H]+, (12), 
around ten times larger, clearly demonstrating that the decarbonylation of the complex 
with I is faster than the decarbonylation rate of the complex with II.
Tim e, s
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Figure 3.24 Plot of ln([Rh(acyl)hydride]t/[Rh(acyl)hydride]o) versus time to obtain rate constant, k, for 
the decomposition of the acyl-hydride complexes of the DPEphos ligand.
It was of interest to investigate whether the observed difference between the two 
aldehydes was due to II being inherently more resistant to decarbonylation or whether 
it affects the binding strength of the R h-0  bond making the fluxional process for the 
complex require a higher energy. The free energy of activation, AG+, for the fluxional 
process of the acyl-hydride complexes in solution were calculated from the 
coalescence temperature of the 3IP{ *H} NMR signals. The results obtained are shown 
in Table 3.7.
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To K AG*, kJ mol'1
Complex d6-acetone, 400 MHz d6-acetone, 400
MHz
12, [Rh(DPEphos)(COC2H4SMe)H]+ 235 ± 10 42.4 ± 2.3
14, [Rh(DPEphos)(COC6H4SMe)H]+ 180 ± 10 32.1 ±2 .3
Table 3.7 7c (K)andAG* (kJ mol ' )  for compounds 12 and 14
The results show that complex 12 has a larger AG" value for the fluxional process than 
complex 14. This means that in solution the complex requires more energy to 
dissociate the oxygen atom from the rhodium and so from this data alone complex 12 
appears more stable than complex 14 as the five coordinate species required for 
decarbonylation is not as frequently formed. This is contrary to observation and 
demonstrates that the increased stability observed for complex 14 has more to do with 
the benzyl-acyl ligand being resistant to decarbonylation than the actual stability of 
the complex formed. Further investigation was necessary to confirm this. This was 
achieved by comparing the behaviour of the acetonitrile adducts 16 and 17.
+ MeCN
MeCN
Scheme 3.12 MeCN acyl-hydride complexes (16 and 17) in equilibrium with acyl-hydride complexes
(12 and 14)
The MeCN acyl-hydride complexes (16 and 17) in solution are in equilibrium with the 
acyl-hydride complexes (12 and 14) when 10 equivalents of MeCN are added to an 
acetone solution of the acyl-hydride complex (Scheme 3.12). This equilibrium is 
temperature dependent. As the association of MeCN also requires breaking the Rh-0
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bond, a study of the ratios of the complexes at different temperatures allows 
calculation of AH° and therefore indicates the strength of the R h-0 bond. It should be 
noted that this calculation would not give an absolute value for the Rh-O bond as 
there are other processes involved in this transformation, for example ligand 
rearrangement and the breaking of the Rh-NCMe bond. However, it can be assumed 
that these processes will be the same for both complexes and so the value will give at 
least a relative comparison of the two bond strengths. The ratios of the complexes 
were studied over the range 260-298 K and Van’t Hoff plots were constructed with a 
slope of -A //7R  and the intercept = AS7R (Figure 3.25).
A ldehyde = IIAldehyde = I
2 .5
y = 3 4 5 1 x -  11 .025
y = 3 6 8 5 .6x - 10 .482
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Figure 3.25 Van’t Hoff plots of ln(Keq) vs 1/T for the equilibrium 
[(DPEphos)Rh(acyl)H]+ + MeCN ~  [(DPEphos)Rh(acyl)H(MeCN)]+
For the equilibrium between complexes 12 and 16, AH° = -30.6 ± 0.5 kJ mol’1 
compared to -28.7 ± 1.7 kJ m ol'1 for the equilibrium between complexes 14 and 17. 
These are essentially the same values, within error, and so any calculation of the R h-0 
bond strength would give the same value for both complexes. It can therefore be 
concluded that the reason for the resistance to decarbonylation of the benzyl acyl 
complex is due to the inherent stability of the benzyl acyl ligand and not a change in 
the R h-0 binding strength.
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3.4 Conclusions
The entire hydroacylation cycle has been determined for the catalyst {(DPEphos)Rh}+ 
and this is the first time that this has been achieved for a hydroacylation system with a 
hemilabile ligand. The hemilability of the DPEphos ligand has been shown to be very 
important in the catalytic cycle, stabilising the acyl-hydride species towards 
decarbonylation but allowing the desired reaction to continue, giving good rates of 
turnover. The next section will explore different ligand motifs based on the DPEphos 
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4 Variation of the DPEphos Ligand
4.1 Introduction
Given the success of the DPEphos ligand in both controlling and understanding the 
hydroacylation cycle it was of interest to try different variations of this ligand and 
study the effects on the catalytic cycle. The four ligands investigated in this section 
are shown in Figure 4.1.
| ^ o ^ |
Ph2P PPh2 Ph2P PPh2
PSP POP'
POP POP'
Figure 4.1 Four ligands investigated for use in the hydroacylation reaction.
The PSP ligand was targeted to assess the importance of binding strength of the labile 
atom, sulphur being likely to bind more strongly to rhodium than oxygen. The PCP 
analogue was investigated to prove the importance of using a hemilabile ligand as it 
would have the same flexibility as the DPEphos ligand without the ability to occupy a 
vacant site on the metal. The POP’ ligand was studied to investigate the effects of 
changing the ligand backbone on the activity of the catalyst and the PCP’ analogue 
was, again, useful in determining the importance of using a hemilabile ligand in this 
system.
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4.2 Changing the Labile Atom
The first ligand to be tested was the sulphur analogue of DPEphos, from now on 
referred to as PSP. The compound was synthesised by modification of the preparation 
of DPEphos1 using diphenyl thioether in place of diphenyl ether (Scheme 4.1).
+ CIPPh2
TMEDA
Scheme 4.1 Synthesis of the sulphur analogue of the DPEphos ligand.
This ligand was chosen as the sulphur atom is likely to bind more strongly with the 
rhodium than oxygen and so it was thought it might give even better stability towards 
decarbonylation by stabilising the acyl-hydride intermediate. Alternatively, a strongly 
binding sulphur atom may not reveal a vacant site and thus the hemilabile necessity of 
DPEphos would be confirmed.
The complexes [Rh(PSP)(nbd)][X], 27, where X = [c/oso-CBnI-LC^] 27a, 
[c/o5o-CBiiH6Br6]' 27b, [closo-CB\iP ^ ] '  27c and [BArF4]' 27d were synthesised via 
the route shown in Scheme 4.2.
27
Scheme 4.2 Synthesis of complex 27 where X = [c/05o-CBhH6C16]" 27a, [c/o50-CB||H6Br6] 27b.
[c/ojo-CB,,H6I6]'27c and [BArF4] 27d.
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The complexes were characterised by ’H and 31P{1H} NMR spectroscopy and 27a 
(with the [closo-CBnHfjCU,]' anion) was further characterised by X-ray diffraction 
studies (Figure 4.4).
Figure 4.2 Structure of the cation in 27 showing trigonal bipyramidal arrangement of ligands.
The solid state structure of 27a shows that the complex is a 5 coordinate, Rh(I) centre, 
18 electron species with the sulphur of the PSP ligand bound to the rhodium. The 
complex is trigonal bipyramidal with S l-R h l-C l/C 2  as the axial ligands and PI, P2 
and C4/C5 ligands occupying equatorial positions (Figure 4.2). The Rh-S bond has a 
bond length of 2.2955(5) A.
Figure 4.3 Cation of literature complex [Rh{r|2-(PhSCH2CH2PPh2)}2(CO)][BF4].2
Literature complexes with a coordinated thioether include the square-based pyramidal 
Rh(I) complex [Rh{rf-(PhSCH 2CH 2 PPh2 )}2(CO)][BF4 ] (Figure 4.3) which has two 
Rh-S bonds.2 The axial sulphur has a Rh-S bond length of 2.7986(8) A, which is 
significantly longer than observed for 27a. The second Rh-S bond is of length 
2.4020(6) A which is closer to the bond length observed for 27a. The square planar 
Rh(I) complex [Rh(C0 ){(Ph2PCH2CH2 )2Q H 2 S}][C1 0 4 ] has a Rh-S bond length of 
2.318(1) A which is, again, close to that observed for complex 27a.3 Nevertheless,
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the observed distance of 2.2955(5) A appears very short for a Rh-S bond and indicates 
a strong interaction.
Complex 27 differs from the DPEphos system as there was no evidence for the 
oxygen atom binding to the rhodium in complex 9. The structure of 27a shows 
coordination of the norbomadiene ligand through the four alkene carbon atoms and 
the phosphorus atoms of the chelating ligand are bound to the rhodium with an angle 
of 103.380(19) °C between them.
Solution NMR studies support the solid state structure in that there appear to be no 
close interactions between anion and cation. This is determined from the n B NMR 
spectra for 27a-c which all show three distinct signals corresponding to the B-12 
antipodal boron and the two pentagonal belts indicating an unbound cage with Csv 
symmetry. The 31P{!H} NMR spectra for all compounds show a doublet at 8 55.5 
[d, /(RhP) 125.2 Hz]. This is different from the DPEphos system, for example, 9 has 
a chemical shift of 8 17.0 and a /(RhP) coupling constant of 159 Hz. This data 
supports the solid state structure that shows coordination of sulphur to the Rh. The 
observed difference in coupling constant can be explained by the increase in 
coordination number. Coupling is transmitted via 5-electrons as these are the only 
electrons with a finite density at the nucleus, on increasing coordination number the 
amount of 5-character in the bond to any given ligand decreases giving a smaller 
coupling constant.4 Chemical shift is affected by steric and electronic factors and so 
the observed difference between complexes 9 and 27 cannot be so easily rationalised, 
but it is possible that the ring strain imposed on binding of the sulphur has caused a 




Figure 4.4 ORTEP plot of complex 27. Ellipsoids are drawn at the 50% probability level. (Hydrogen 










P( 1 )-Rh( 1 )-P(2) 103.380(19)
S( 1 )-Rh( 1 )-P( 1) 85.82(2)
S( 1 )-Rh( 1 )-P(2) 86.727(19)
C(4)-Rh(l)-S(l) 95.25(5)
C(2)-Rh(l)-S(l) 156.64(5)
Table 4.1 Selected bond lengths (A) and angles (°) for complex 27.
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In the ]H NMR spectrum the aromatic protons are observed at 5 8.50-6.93 and there 
are surprisingly only three signals observed for the norbornadiene ligand at 5 3.89, 
8 2.96 and 8 1.18 in the ratio 4:2:2. Given the trigonal bipyramidal structure you 
would expect five signals in the ratio 2:2:2:1:1 as the two alkenes would be 
inequivalent giving two signals of ratio 2:2 and the two CH 2 protons would also be 
inequivalent (Figure 4.5).
The NMR data suggest that at room temperature a fluxional process is taking place to 
make the four alkene protons equivalent and the two CH2 protons equivalent. A 
d6-acetone solution was therefore cooled to 200 K. There was no observed change on 
cooling the complex so it appears that the complex must be undergoing a fluxional 
process even at low temperature, or the signals are co-incident.
Rapid intramolecular rearrangement in pentacoordiante metal complexes is well 
known6' 10 with Berry pseudorotationu a widely accepted mechanism (Scheme 4.3) 
which involves transformation via square-based pyramidal structure before return to a 
trigonal bipyramid. The resulting effect is that ligands 1 and 4, which began as axial 
ligands, occupy equatorial positions at the end of the transformation.
H,
Figure 4.5 Five norbornadiene proton environments of 27.
1 7 4
T rigonal B ipyram idal S q u a r e -B a se d  Pyram id T rigonal Bipyram idal
Scheme 4.3 Berry pseudorotation of a five coordinate species.
The complex [Ir(cod)CH3{PC6H5(CH3)2}2] has been shown to undergo a fluxional
mechanisms were proposed for the process, the most likely of the two were 
determined to be a mechanism involving Berry pseudorotation, and another which 
involved a simple twist of the diene ligand about an axis normal to the plane 
containing the double bonds (Scheme 4.4). Given the restriction of the PSP chelating 
ligand it seems that the diene twist mechanism may be the most likely in this case as a 
Berry pseudorotation mechanism could not operate easily.
As for the DPEphos system the complexes were dissolved in d6-acetone and put under 
4 atmospheres of hydrogen to convert them to the activated complexes. There was no 
observed change to the complex under these conditions by NMR spectroscopy. In an 
attempt to force the hydrogenation to take place the solution was placed under 100 
atmospheres of hydrogen pressure in a sapphire NMR tube but still there was no 
change to the complex.
process which renders the cyclooctadiene alkene protons equivalent.12 Several
R R R
Scheme 4.4 Favoured mechanism involving twist of diene to render alkene protons equivalent in
[Ir(cod)CH3 {PC6H5 (CH3)2}2].
The solid state and solution NMR data suggest that the sulphur ligand is bound very 
strongly, creating a very stable 18 electron complex, rendering the hydrogen unable to 
bind to the rhodium and hydrogenate the norbornadiene ligand. This highlights the 
importance of creating a hemilabile ligand,13 one that binds weakly to the metal, 
protecting and stabilising the complex, but that does not entirely stop other reagents 
from accessing the metal centre.
The opposite extreme to having a sulphur linkage between the two phosphines would 
be to have a group that cannot provide any stabilisation to the metal at all. This would 
be achieved by having a CH2 group in place of the sulphur, as in the compound 
bis(2-diphenylphosphinophenyl)methane, denoted PCP (Figure 4.6). The advantage 
in terms of comparison is the PCP, PSP and DPEphos would all be expected to have 
similar steric and electronic properties, ignoring the central CH2, S or O group 
respectively.
PPh2 PPh2
Figure 4.6 Bis(2-diphenylphosphinophenyl)methane, PCP
The resulting complexes formed were expected to behave similarly to the 
[(DPPE)Rh(acetone)2]+ complex (24) which offers no hemilabile protection. If this is 
the case it would test the importance of the presence of the hemilabile functional 
group in the complex. It would also be a strong indication that the improved reaction 
times and resistance to decarbonylation seen for the DPEphos ligand were due to its 
hemilability and not simply the flexibility in the backbone of the ligand (DPPE being
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fairly rigid and restricting the phosphines to a cis configuration). The target precursor 
complex [(PCP)Rh(nbd)][c/<m>-CBi iH6Br6], 28, was synthesised via the route shown 
in Scheme 4.5.





C s[c/osoC B i! H6Br6] 
MeOH
v  /  .... .
[closo-CBi 1 H6Br6]
28
Scheme 4.5 Synthesis of [(PCP)Rh(nbd)][c/oso-CBiiH6Br6], complex 28.
The *H NMR spectrum of 28 shows 2 environments for the CH2 protons, at 8 6.24 
[dt, 7(HH) 15 Hz, 7(PH) 3.9 Hz] and 5 4.33 [d, 7(HH) 15 Hz]. The large difference in 
chemical shift suggests that the CH2 group is held slightly above the square planar Rh 
centre by the phosphorus atoms occupying cis positions (Figure 4.7) giving two 
proton environments, one exo proton pointing away from the metal, Ha, and one endo 
proton pointing towards it, Hb.
Figure 4.7 Two methylene proton environments of the [(PCP)Rh(nbd)]+cation, 28.
The free ligand CH2 protons are observed at 8 4.45 in d6-acetone solution and so the 
signal observed at 8 6.24 has shifted 1.79 ppm downfield. This unusual chemical shift 
could indicate an interaction with the rhodium centre and has been observed before in 
complexes with this ligand, for example in the complex (PCP)PdCl2 prepared by 
Floriani et al. (Figure 4.8).14 In this complex the chemical shifts for the bridging 
methylene protons were observed at 8 6.45 [dt, 7(HH) 14 Hz, 7(PH) 3 Hz] and at
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8 3.84 [d, 7(HH) 14 Hz]. The shifts observed for complex 28 are very similar to 
these. Floriani assigns the signal at 8 6.45 as being the endo proton and explains its 
unusual position by the presence of long range interactions with the metal. The H-Pd 
interaction is supported by the X-ray data obtained of this complex showing the endo 
proton oriented perpendicular to the coordination plane and a H-Pd distance of 
2.46 A. This interaction is further supported by the isolation of the complex 
[(Ph2 PC6H4)2CHRhCl2 (MeCN)] (Figure 4.8) which shows that the carbon is bound to 




•Cl ^ C ,  
Cl
Figure 4.8 [(PCP)PdCl2] and [(Ph2PC6H4)2CHRhCl2(MeCN)] isolated by Floriani et a l u
These M—H-C interactions are not agostic in type as this would result in a high field 
shift instead of the observed low field shift.15 Floriani’s explanation for this was that 
the formation of a metallacycle results in an additional ring current which opposed the 
external field, and in a downfield shift of the proton. ’ A more plausible explanation 
has been offered by Bergman et al. who have identified similar M - H - C  interactions 
in the complexes [RhCl(/-Pr2POXy)L ] 2  (where Xy = 2,3-xylyl and L = PPh.3 , PMe3 , 
f-BuNC) between the rhodium and the proton ortho to the phosphinite oxygens. The 
‘H NMR spectrum revealed a similar downfield shift for these protons as observed for 
28.16 These interactions have been termed pre-agostic and Bergman suggests that 
they lie between agostic interactions and hydrogen bonds (Figure 4.9). Agostic 
interactions donate C-H bond electron density to a metal centre giving elongated C-H
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bonds and an acute C-H - M angle. Hydrogen bonds are seen as the opposite extreme 
to agostic interactions as they involve a filled metal d orbital as a hydrogen acceptor 
and an X-H bond as a hydrogen bond donor. They are linear in arrangement to 
optimise electrostatic interactions and they give downfield chemical shifts for the 
proton.17 The pre-agostic interactions were studied using DFT and “atoms in 
molecules” theory which confirmed the downfield chemical shift and determined that 
the interaction is mainly electrostatic in nature, similar to hydrogen bonding, but does 
have partial covalent character.18
x
M M
Agostic Pre-agostic Hydrogen Bond
Figure 4.9 Pre-agostic interactions lie between the extremes of agostic interactions
and hydrogen bonding.
Also observed in the 'H  NMR spectrum for complex 28 are 5 proton environments of 
the norbornadiene molecule, 8 4.51 (2H, Hc or Hd) and 8 4.43 (2H, Hc or Hd), 8 3.95 
(1H, He or Hf) and 8 3.89 (1H, He or Hf) and 8 1.64 (2H, Hg), further indication of the 
asymmetry imposed by the location of the CH2 group (Figure 4.10). This effect is not 
observed in the DPEphos or the PSP systems as for both only three proton 
environments are observed for the norbornadiene ligand suggesting a symmetrical 
molecule or a fluxional process as discussed for complex 27.
Ph2
—  P/i
Figure 4.10 Five norbornadiene proton environments observed for complex 28.
17 9
In the 3IP{ 'H} NMR spectrum of complex 28 a doublet is observed at 23.0 ppm with 
a 7(RhP) value of 166.5 Hz. This is close to that observed for complex 9 indicating 
that whilst there may be a weak interaction with the endo proton, the complex is 
primarily a square planar Rh(I) complex.
On hydrogenation of complex 28 there was a colour change from orange to red, as 
observed for the DPEphos system. In the 31P{ *H} NMR spectrum a doublet was now 
observed at 5 41.5 with a 7(RhP) value o f 202 Hz clearly indicating a new complex 
had formed. No hydrides were observed and so it is assumed that the complex that 
formed is a bis(acetone) complex, [Rh(PCP)(acetone)2][c/o5o-CBnH6Br6] 29 (Figure 
4.11), analogous to complex 10. There is no evidence of pre-agostic interaction with 
the endo proton in this complex as the signal ca. 5 6 is no longer observed. The 
31P {1H } chemical shift and 7(RhP) value are very similar to complex 10 [viz. 6 41.8, 
7(RhP) 209 Hz]. This supports the assignment as a bis(acetone) complex.
Figure 4.11 Cationic portion of [Rh(PCP)(acetone)2][c/r?50-CBiiH6Br6], complex 29.
On addition of I to complex 29, a mixture of products were observed, none of which 
can be positively identified as the acyl-hydride, analogous to complex 12. This is 
similar behaviour to that observed for the DPPE system, however, the acyl-hydride is 
clearly identified in that case, if only in a small concentration. It seems that the 
absence of the oxygen atom changes the complex so significantly that the key
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intermediate in the reaction cannot form. It is possible that the combination of a lack 
of oxygen for binding and a large amount of flexibility in the ligand renders the 
reaction with the aldehyde non-specific and open to produce a wide variety of 
complexes, possibly including C-H activation of the endo proton as observed for 
[(Ph2PC6H4)2CHRhCl2(MeCN)].14 Overall, the acyl-hydride intermediate is not 
observed at all making this complex not only less stable than that of the DPEphos 
analogue but the DPPE system as well.




Scheme 4.6 Hydroacylation reaction between I and methyl acrylate.
L = PCP and X = [c/o50-CBnH6Br6].
Complex 29 was tested for catalysis of the hydroacylation reaction between I and 
methyl acrylate in acetone solution in a J. Young’s ampule with 5 mol % catalyst 
loadings at 55 °C (Scheme 4.6). The reaction was monitored by GC via samples 
taken at 30, 60, 120 and 180 mins. During this time no conversion to the desired 
product was observed. This, again, highlights the important role of the hemilabile 
ligand in the hydroacylation catalytic cycle.
4.3 Changing the Ligand “Backbone”
Another way of varying the DPEphos ligand is to change the backbone of the ligand, 
that is, to change the groups separating the oxygen from the phosphorus atoms. The 
ligand studied in this section, bis(2-diphenylphosphinoethyl)ether,19 has ethylene
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linkages. It is shown in Figure 4.12 and will be referred to from here onwards as 
POP’.
P P h 2 P P h 2 P P h 2 P P h 2
Figure 4.12 Ligand bis(2-diphenylphosphinoethyl)ether, POP’ compared to DPEphos.
The rhodium complex [Rh(POP’)(nbd)][BArF4 ] (30) was synthesised via the route 
shown in Scheme 4.7 and characterised by 'H and 31 P{ JH } NMR spectroscopy and by 




Scheme 4.7 Synthesis of [Rh(POP’)(nbd)][BArF4]. 30.
The solid state structure shows the compound 30 as a Rh(I) square planar complex 
with no close R h - O  interactions [Rh-O distance of 3.7284(11) A]. The angles are 
slightly distorted with a P(l)-Rh-P(2) angle of 99.017(14)°. This is similar to the 
angle of 100.12(5)° observed for the DPEphos analogue, complex 9. The structure 







Figure 4.13 ORTEP plot of complex 30. Ellipsoids are drawn at the 50% probability level. 











Table 4.2 Selected bond lengths (A) and angles (°) for complex 30.
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The solution NMR studies support the solid state structure. In the ]H NMR spectrum 
peaks are observed for the coordinated norbornadiene ligand at 5 4.30 (4H, HC=CH),
8 3.82 (2H, CH) and 8 1.48 (2H, CH2) and the ligand ethylene backbone peaks are 
observed at 8 3.65 (0-CH2) and 8 2.42 (CH2-P). The 31P{1H} NMR spectrum shows a 
doublet at 8 18.7 ppm with /(RhP) 155.6 Hz. This confirms that there is no Rh-O 
bond as the chemical shift and /(RhP) are much closer to those observed for complex
9 [8 17.0, /(RhP) 159 Hz] than to those observed for complex 27 [8 57.5, 
/(RhP) 125 Hz].
When placed under 4 atmospheres of hydrogen in acetone solution the complex 
formed (complex 31) is not a bis(acetone) complex as formed by the DPEphos 
system. The colour change for this system was from orange to yellow and the 
complex formed shows a peak in the hydride region of the *H NMR spectrum at 
8 -19.97. The peak has an integral of 2H with respect to the aromatic region 
(calibrated to 32H). Ti studies gave a T] value of 0.433 seconds at 200 K, indicating 
the co-ordination of 2H, not H2.20
In the 31P{1H} NMR spectrum there is a doublet at 48.6 ppm with a Rh-P coupling 
constant of 119.1 Hz, possibly indicative of a Rh(III) species. On progressive cooling 
to 220 K, the hydride peak splits into two major and two minor peaks in the ratio 
20:1. This indicates two species in solution, each with two hydrides that are 
inequivalent. The 31P{1H} NMR spectrum at 220 K also shows two species in 
solution in the same ratio as the hydrides. Their chemical shifts and coupling 
constants are similar at 8 48.0 with J(RhP) 119.5 Hz (major) and 8 45.4 with 
/(RhP) 122 Hz (minor). In each complex the phosphorus atoms are equivalent.
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The major complex in solution has hydride signals at 8 -19.24 and 8 -20.24 which 
appear as multiplets. The potential nuclei that will couple with each hydride are the 
two phosphorus atoms, the rhodium and the other hydride and so these peaks are 
likely to actually be a doublet of triplets of doublets, but due to the size of the 
couplings they overlap to give a multiplet. The coupling pattern has been simulated, 
using the program gNMR, and the observed and simulated spectra are shown in 
Figure 4.14 with the coupling constants set shown in Table 4.3.
-19.0 -19.2 -19.4 -19.6 -19.8 -20.0 -20.2 -20.4
Figure 4.14 Top: actual spectrum for complex 31 (the major complex in solution), 
bottom, simulated spectrum for complex 31.
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Nucleus 8 ppm !Ha ]Hb 31p
U -19.2408 - - -
U -20.2463 10.50 - -
3 1 p - 14.5 13.2 -
l03Rh - 28 28 119.5
Table 4.3 Coupling constants set for simulation of hydride signals in complex 31.
The simulated spectrum matches excellently with the observed pattern. The /(PH) 
coupling constants are indicative of cis phosphorus hydride coupling. Considering all 
the information the structure for complex 31 is likely to have trans phosphine atoms, 
with a coordinated oxygen atom between and two hydrides, one trans to the oxygen 
atom of the POP’ ligand and the other trans to a ligand L. A cis phosphine structure 
would show a large trans /(PH) coupling constant to the hydrides which is not 
observed. In acetone solution the ligand, L, is likely to be a molecule of acetone. 
This also helps to explain the second, similar complex in solution, which shows a 
similar phosphorus spectrum and a similar coupling pattern for the hydrides. It is 
likely that water is a contaminant in the solution, given that water is very difficult to 
remove from acetone. This minor complex is therefore likely to be of the same 
structure, just with ligand L, as water instead of acetone. The complexes are likely to 
be octahedral Rh(III), 18 electron complexes, shown in Figure 4.15.
Rh' PPh-
Figure 4.15 Suggested structure of cationic portion of complex 31 with L = acetone or water.
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The formula suggested is supported by ESI-MS. Two peaks are observed, one at
547.1 m/z where ligand L has been lost and a further peak at 545.1 m/z where the two 
hydrides have also been lost. Unfortunately, no peaks are observed for the complex 
with either acetone or water bound but this is not surprising given the weak binding 
strength of such ligands.
This is obviously quite a different complex from that observed at this stage in the 
DPEphos system, i.e. a Rh(I) bis(acetone) complex, 10. It is thought that the alkyl 
linkage in the backbone of the ligand allows more freedom of movement compared to 
the aryl linkage, causing the oxygen atom to be able to get closer to the rhodium and 
bind more easily. As addition of H2 to the complex is an oxidative process, the 
electron density at the metal decreases [Rh(I) —» Rh(III)]. The additional electron 
donation from the oxygen in complex 31 stabilises the oxidised Rh(III) complex,6 
therefore disfavouring the reductive elimination of H2, which would otherwise occur, 
to give the Rh(I) bis(acetone) complex.
As the complex formed is not merely a bis(acetone) complex the hydrogenation of 30 
was also attempted in CD2CI2 solution. After hydrogenation, the room temperature 
]H NMR spectrum showed a hydride signal at 5 -19.16 as a doublet of triplets of 
integral 2H. In the 31 P{ 1H} NMR spectrum a doublet was observed at 5 44.1 with a 
rhodium-phosphorus coupling constant of 118.5 Hz, indicative of a Rh(III) species. 
On cooling to 220 K the 31P{1H} NMR spectrum shows two species in solution, one 
major and one minor, and in the NMR spectrum the hydride signal split into three 
signals, a major peak and two minor peaks. These minor peaks are at 5 -19.09 and 
5 -21.51 in the *H NMR spectrum and at 8 46.0 [7(RhP) 122 Hz] in the 31P{1H} NMR
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spectrum and are the same as the minor peaks observed in acetone solution. This 
suggests that they are due to trace water in the solvent and complex 31 for L = H 2O 
has formed.
The major peak in the 31P{!H} NMR spectrum is a doublet at 8 44.8 with 
/(RhP) 118.6 Hz. The hydride signal in the 'H NMR spectrum is still observed as a 
doublet of triplets at 8 -18.89 with the doublet coupling 32 Hz, assigned as /(RhH), 
and the triplet coupling of 12 Hz, tentatively assigned as /(PH). In this complex it is 
clear now that both the hydrides and the phosphorus atoms are equivalent but that the 
phosphorus atoms are still cis to the hydrides. The structure of this complex, complex 
31i, is assigned as a 5 coordinate, 16 electron, Rh(III) species and is shown in Figure 
4.16. A similar complex, R hC l^C P 'B u.^  has been isolated and characterised by !H 
NMR spectroscopy and X-ray diffraction studies by Otsuka et al.2] In the X-ray 
structure this complex is trigonal bipyramidal with the two phosphines in the axial 
positions and the chlorine and the two hydrides in the equatorial positions. In the 
'H NMR spectrum in CD 2CI2 the hydride signal is observed at 8 -23.6 as a doublet of 
triplets with /(RhH) 28.7 Hz and /(PH ) 16.2 Hz. The ‘H NMR data obtained for 
complex 31i are in close agreement with these data and support the assignment of a 




Figure 4.16 Suggested structure for complex 31i in dichloromethane solution.
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Attempts to crystallise complexes 31 and 31i were mostly unsuccessful. However, 
one sample of 31i prepared for crystallisation from dichloromethane did yield a small 
number of crystals suitable for X-ray diffraction studies. The solid state structure 
plotted in Figure 4.18 shows a dimeric, dicationic species, [(POP’)RhH2]2[BArF4]2, 
32. It has the expected empirical formula, however the POP' ligands bridge both 
metal centres. Each metal is co-ordinated to a phosphorus atom and an oxygen atom 
from one ligand, and a phosphorus atom from the other. The metals are bridged by 
two hydrides, with a terminal hydride co-ordinated to each. The Rh-Rh distance of 
2.7881(5) A is suggestive of a metal-metal bond, however electron counting suggests 
that no such bond is necessary to achieve an 18 electron configuration for each 
rhodium (Figure 4.17). The molecule has a crystallographic C2 symmetry axis 
running through H40 and H50.
Although the solution NMR data for complex 31i are not consistent with this structure 
(such a structure would have inequivalent hydrides and phosphorus atoms), it is 
possible that on crystallisation the complex forms a dimer, in the absence of another 
ligand, to achieve an octahedral arrangement of ligands. Crystallisation from 
dichloromethane, which unlike acetone does not bind to the rhodium in this complex, 
supports this hypothesis. Unfortunately, there was insufficient sample to obtain 
solution NMR for complex 32 so it cannot be confirmed whether on dissolution in 
dichloromethane it returns to the monomeric species or remains as the dimer.
ligand elec trons = 20
m etal e lecrons = 1 8
2+ ch a rg e  = -2
total = 36
per rhodium = 1 8









Figure 4.18 ORTEP plot for complex 32. Ellipsoids are drawn at the 50% probability level. (Anions 










Table 4.4 Selected bond lengths (A) and angles (°) for complex 32.
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4.3.1 Removal of H2
It was thought that the presence of the hydrides in complex 31 may be a hindrance to 
the continuation of the catalytic cycle as to add aldehyde the hydrides would first have 
to be lost from the rhodium to form a 16 electron Rh(I) complex. To overcome this, 
an alkene was added to complex 31 in acetone solution to remove the bound H2. The 
alkene chosen for this was methyl acrylate as this would be present in excess in the 
catalytic solution when used for hydroacylation. The complex formed, 33, was 
characterised by NMR spectroscopy and ESI-MS. In the *H NMR spectrum the 
hydride signals have been lost, as predicted. There are broad signals where excess 
free acrylate signals should occur, around 5 6.3-5.8, and there are further broad 
signals at around 8 3.0-2.6. These higher field signals are indicative of a bound 
methyl acrylate molecule, viz. (triphos)RhH(H2C=CHC02Me) in CD2CI2 solution the 
CH2 signals are observed at 8 3.4 and 8 2.9 in the ]H NMR spectrum.22 Due to the 
broadness of both bound and free signals it is clear that the excess methyl acrylate is 
exchanging between being free in solution and bound to the rhodium, although we 
have not attempted to determine a rate constant for this. The 31P{ !H } NMR spectrum 
shows one species in solution with a doublet at 8 38.3 [/(RhP) 127.4 Hz]. These data 












Scheme 4.8 Formation of complex 33 (R = C 0 2Me).
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The ESI-MS data for this complex confirms the above formula and the binding of the 
alkene. A peak is observed at 631.1 m/z corresponding to the parent ion. On 
fragmentation a peak is observed at 545.1 m/z which is indicative of the loss of a 
methyl acrylate ligand (with a mass of 86) from the rhodium complex (Figure 4.19).
Fragm entation







4 8 0  5 0 0  52 0  54 0  5 6 0  5 8 0  6 0 0  6 2 0  m /z
Figure 4.19 ESI-MSMS (fragmentation of complex 33, parent ion at 631.1 m/z) 
showing loss of methyl acrylate unit to give a fragment ion at 545.1 m/z.
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4.3.2 Addition of Aldehyde
Addition of I to complex 33, generated in situ, yields the complex 
[(POP’)Rh(COCH2CH2SMe)H][BArF4], 34. The complex has been characterised by 
NMR spectroscopy and X-ray diffraction studies. The solid state structure is shown 
in Figure 4.20. It shows a Rh(III) species with octahedral geometry. The oxygen 
atom of the POP’ ligand is shown to be bound to the rhodium with a bond length of 
2.3017(12) A. The phosphorus atoms are trans to each other with a slightly distorted 
angle of 156.210(17)°. The P-Rh-P angle is similar to that observed for complex 14 
in the DPEphos system which had an angle of 155.93(5)° however the Rh-0 bond is a 
little longer for complex 34 than for complex 14, with a Rh-0 bond length of 
2.248(3) A for complex 14. This is surprising as, given the likely presence of a Rh-0 
bond in 31, it was thought that the Rh-O interaction was stronger for the POP’ ligand 
than for the DPEphos. It may be that the shorter distance is not a true representation 
of bond strength in the DPEphos system. The steric strain of the phenyl groups could 
force the oxygen closer than would be observed if bond strength was the only 
contributing factor. It must also be noted that the aldehydes used are different for 
each structure and this may affect the sterics of the molecule and cause a difference in 
bond lengths and angles. As observed for complex 14, the hydride in complex 34 is 
located opposite the sulphur ligand as acyl and hydride ligands are both high trans 
influence ligands and so would be unlikely to locate trans to each other.
The room temperature solution NMR data supports the solid state structure. A 
hydride is observed in the *H NMR spectrum at 5 -9.61 as a broad doublet with a 
/(RhH) value of 23.7 Hz. This peak shows a correlation with the methyl group on the 
sulphur in the COSY NMR spectrum, as observed for the DPEphos system.
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The methyl peak is observed at 8 1.97 as a doublet with 7(HH) approximately 1.8 Hz.
Q 1 1
The P{ H} NMR spectrum at room temperature shows a broad peak at 8 31.1 which, 
on cooling to 250 K, splits into two doublets of doublets in an ABX second order 
coupling pattern. The peaks are observed at 8 33.7 and 8 27.6 with 7(RhP) 124 and 
128 Hz respectively and a 7(PP) value of 302.1 Hz which is indicative of trans 
phosphorus-phosphorus coupling. ESI-MS data for complex 34 confirms the formula 
with a peak at 649.09 m/z as calculated for the parent ion.
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Figure 4.20 ORTEP plot of complex 34. Ellipsoids are drawn at the 50% probability level. (Anion 
and selected hydrogen atoms omitted for clarity.)
Rh(l)-H(10) 1.51(2)
R h(l)-C (l) 1.9693(18)
Rh(l)-P(2) 2.2938(4)
Rh( 1 )-P( 1) 2.2971(5)
Rh(l)-0(1) 2.3017(12)
Rh( 1 )-S( 1) 2.4369(4)
P(2)-Rh(l)-P(l) 156.210(17)
C (l)-R h(l)-S(l) 87.57(6)
H(10)-Rh(l)-S(l) 174.5(9)
C (l)-R h(l)-0(1) 177.17(6)
Table 4.5 Selected bond lengths (A) and angles (°) for complex 34.
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An intermediate was observed on formation of complex 34. It has been assigned as a 
cis phosphine isomer of the product of oxidative addition to 33, Figure 4.21. At 
298 K it is observable for approximately 30 mins, after which time it has converted 

















Figure 4.21 Three possible structures of cis intermediate observed prior to formation of complex 34.
In the 31P {1H } NMR spectrum two doublets of doublets are observed at 8 36.4 and 
8 11.6. The 7(PP) value is 17.9 Hz, confirming the phosphorus atoms are cis to each 
other. The signals have 7(RhP) values of 154.5 and 94.1 Hz respectively, the latter 
indicating one is trans to a high trans influence ligand and the other is not, i.e. isomer 
i (Figure 4.21) is discounted as both phosphines are trans to high trans influence 
ligands. In the 'H NMR spectrum, the hydride signal is observed as an apparent 
doublet of triplets. On selective decoupling of the two phosphorus signals it is 
confirmed that one phosphorus is trans to the hydride giving a very large coupling 
constant (154.1 Hz) and the other gives only a small cis coupling constant of similar 
value to the 7(RhH) value (-18 and 19 Hz respectively), this rules out structure iii. 
This similarity in values means that the signal appears to be a doublet of triplets but is 
in fact, strictly speaking, a doublet of doublets of doublets. This leads to the 
conclusion that the isomer observed is isomer ii.
19 6
Density Functional Theory (DFT) calculations of the trans complex and the three cis 
isomers have been carried out and the energies of the three isomers have been 
determined relative to the trans isomer that is finally formed i.e. 34. The calculated 
trans isomer is shown in Figure 4.22 and reflects well the experimentally determined 
solid state structure. In the solid state structure the Rh-H bond is 1.51(2) A which is 
quite similar to the calculated distance of 1.570 A, and the S-Rh-P angle in the solid 
state is 174.5(9)° similar to the calculated angle of 173.54°. This shows that the 
hydride location in the solid state structure is quite accurate and a good representation 
of the likely structure of the complex. The results of the comparison of energies of 
the four isomers are shown in Table 4.6.
Figure 4.22 DFT calculated trans structure of complex 34.
Isomer Energy Relative to trans Isomer (34)
34 0 kJ mol"1
i + 76.8 kJ mol"1
ii + 34.5 kJ mol"1
iii +57.1 kJ mol"1
Table 4.6 Energies of each cis isomer of 34 relative to the final trans isomer.
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These energies show that of the three isomers ii is the lowest in energy and so is the 
most likely of the three to form and so helps to confirm our assignment of ii as the 
isomer observed. The calculated structure is shown in Figure 4.23. Isomer ii, 
however, is clearly higher in energy than the trans isomer and so explains the eventual 
thermodynamic rearrangement to give 34 as the sole complex in solution.
Figure 4.23 DFT calculated structure of lowest energy cis isomer (ii) of complex 34.
The mechanism of rearrangement to give complex 34 is unclear. It is most likely to 
go via decoordination of a ligand to give a five coordinate species as these can easily 
undergo rearrangement via mechanisms such as Berry pseudorotation,11 as described 
previously. The dissociating ligand could be any one of three possibilities, the 
sulphur, the oxygen or one of the phosphines. The phosphine most likely to dissociate 
would be the phosphine trans to the hydride ligand as this high trans influence ligand 
can labilise the phosphine. This type of phosphine labilisation is known, an example 
of this can be found for Wilkinson’s catalyst upon hydrogenation. Hydrogenation of 
RhCl(PPh3 ) 3  gives a dihydride complex with a hydride trans to a phosphine. This
23leads to labilisation of the phosphine which creates a vacant site for alkene binding." 
Given that the cis intermediate can be observed over 30 mins the process involved in
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rearrangement is quite slow which would be more consistent with phosphine or 
sulphur dissociation than oxygen as this would be a more difficult process given they 
form stronger bonds with rhodium. This is because rhodium is a soft metal, i.e. it is 
easily polarised, and phosphorus and sulphur are soft ligands. This means the orbital 
overlap is better and the bonds are stronger than for oxygen which is a hard ligand, 
i.e. it is small and difficult to polarise.6
Addition of II to complex 33 gives complex 35, [(POP’)Rh(COC6 H4 SMe)H][BArF4], 
(Figure 4.24) which is analogous to complex 34 and has been characterised by NMR 
spectroscopy and ESI-MS. No intermediate was detected.
Figure 4.24 |(POP')Rh(COC6H4SMe)H][BArF4], complex 35.
For complex 35 the ’H NMR spectrum shows the hydride signal as an apparent 
doublet of octets. As can be seen from the simulated spectrum (Figure 4.25) and data 
in Table 4.7, this complex pattern arises from the resolved coupling between the 
hydride and the methyl group attached to the sulphur atom. As this coupling constant 
is approximately half that of the phosphorus-hydride coupling constant the pattern is 
an apparent doublet of octets (but in fact should be a doublet of triplets of quartets). 
On decoupling of the 3IP the hydride signal is observed as a doublet of quartets as 
expected [7(RhH) 25 Hz].
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J(RhH)
-9.02 -9.04-8.98 -9.00 -9.06 -9.08 p p m
Figure 4.25 Simulated (top) and observed (bottom) coupling pattern for hydride of complex 35.
Nucleus n 5 /ppm /(X  H) /Hz
]H (hydride) 1 -9.04 -
31 p 1 36.0 3.72
31 p 1 29.1 3.72
]H (methyl) 3 2.16 1.86
103Rh 1 - 25.5
Table 4.7 Chemical shifts and coupling constants as entered for simulation of the hydride signal of
complex 35.
As observed for complex 34 the low temperature (230 K) 31P{1H} NMR spectrum 
shows a second order ABX coupling pattern with two doublets of doublets at 36.0 and
29.1 ppm. The Rh-P coupling constant is 126.6 Hz for both phosphorus atoms and 
the P-P coupling constant is 301.5 Hz which is indicative of trans phosphorus atoms.
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ESI-MS of complex 35 confirms the formula showing a peak at 697.09 m/z as 
calculated for the parent ion.
1 ^ 1 1Complexes 34 and 35 were monitored by H and P{ H} NMR spectroscopy in 
d6-acetone solution over the course of 1 week to determine their rates of 
decarbonylation comparative to the DPEphos and DPPE systems. No changes to the 
NMR spectra were observed during this time and ESI-MS confirmed that the 
acyl-hydride complexes were still intact in solution and were the only cationic 
organometallic species present at the end of the week. This indicates that the 
acyl-hydride complexes formed with the POP’ ligand are far more stable than those 
formed with the DPEphos ligand. The complexes are fluxional at room temperature. 
The mode of fluxionality is unresolved but is most likely to involve ligand 
dissociation as its first step. The fluxionality is likely to involve a dissociation of a 
different ligand to that which converts the cis isomer to the trans isomer mentioned 
previously. This is because, firstly, the fluxional process is much quicker (i.e. faster 
than the NMR timescale at room temperature) than the conversion of cis to trans and 
secondly, the cis isomer would still be observed if the same process were taking place. 
Phosphine dissociation is less likely in this case as the phosphines are trans to each 
other as opposed to one being trans to a high trans influence ligand as in the cis 
isomer. Also Rh-P coupling is retained throughout the whole temperature range 
indicating that the Rh-P bonds are not broken. Given the observed coupling of the 
methyl of the sulphur ligand with the hydride at room temperature it is unlikely to be 
sulphur decoordination. The oxygen atom therefore seems the most likely ligand to 
dissociate but it is clearly not unbound often enough or long enough for the 
decarbonylation reaction to occur, as the complex is so stable.
201
To investigate this fluxional process further, variable temperature 31P{1H} NMR 
spectroscopy was carried out on complexes 34 and 35 at temperatures around the 
coalescence temperature in the range 270 - 320 K for 34 and 220 - 298 K for 35. The 
observed NMR signals were then simulated to calculate the exchange constant, k, at 
each temperature. Graphs were plotted of ln(fc/T) vs 1/T to give a straight line in each 
case of slope -A//*/R and an intercept of AS*/R - ln(h/&b)- From this AG*, the barrier 
to reorganisation, can be calculated (Equation 4.1).
AG* = A//* - TASt 
Equation 4.1
A lower value for AG* of the fluxional process of the complexes in solution 
corresponds to a faster rate of exchange. A faster rate for this process thus may 
indicate that the complex is undergoing decoordination of the oxygen atom more 
frequently giving a five coordinate species.
For comparison the same analysis was attempted for complexes 12 and 14, however, 
the signals were too close together to obtain reliable values for the exchange constant, 
k , and so AG* was simply calculated from the determination of coalescence
2 4temperature (Equation 4.2).
AG*C = 19.14 Tc (0.32 + log Tc/kc) where kc = 2 .2 2  V(Av2 + 67(AB)2)
Equation 4.2.
2 0 2
The results for complexes 34 and 35 are shown in the graphs in Figure 4.26 and they 
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Figure 4.26 Plots of ln(&/T) vs 1/T for complexes 34 and 35.
Complex Ligand Aldehyde AH* (kJ m ol1) AS* (J mol'1) AG* (kJ mol'1)
34 POP’ I 62.5 ± 1.4 26.0 ± 4.7 53.8 ±2.8
35 POP’ II 44.9 ± 0.9 0.1 ±3.6 44.9 ± 1.9
12 DPEphos I - - 42 ± 2.3
14 DPEphos II - - 32 ±2.3
Table 4.8 AH* and AS* values for complexes 34 and 35 and 
AG* values for complexes 3 4 ,3 5 ,1 2  and 14.
As can be seen from Table 4.8 the calculated values for AG* are higher for the POP’ 
complexes than the corresponding DPEphos analogues. This is in line with the 
greater stability to decarbonylation for POP’. The AS* values for the POP’ system are 
small and positive or close to zero which means that the transition state is not much 
different in order from the ground state, but perhaps slightly less ordered. This is 
consistent with the fact that the process involves rearrangement within a molecule so 
does not significantly change the order of the species. Assuming Rh-O cleavage, the
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difference in the observed AG* values will be related to the energy required to break 
the Rh-0 bond and undergo ligand reorganisation. This will have implications in the 
catalysis of hydroacylation as it may make the complex more stable to 
decarbonylation but may also slow the hydroacylation reaction. We return to this 
later.
Interestingly enough, the values for the complexes involving II compared to the 
complexes of I of the same phosphine ligand are actually smaller. This indicates a 
faster fluxional process even though these complexes are more stable to 
decarbonylation. This demonstrates that although the ligands are reorganising faster, 
potentially giving the aldehyde more opportunity to decarbonylate, the acyl ligand 
formed from II must be simply less prone to decarbonylation. This stability must be 
attributed to the presence of the benzene ring in the backbone of the aldehyde.
4.3.3 Addition of Alkene
The next step in the catalytic cycle involves the addition of an alkene to the 
acyl-hydride complexes 34 and 35. The alkene used was methyl acrylate in order to 
compare observations directly with the DPEphos system. On addition of alkene to 
complexes 34 and 35 there was no change observed by ]H and 31P{]H} NMR 
spectroscopy. The solutions were monitored for 2 days by NMR spectroscopy and no 







Scheme 4.9 No reaction is observed between methyl acrylate and complexes 34 and 35.
It is clear that the oxygen atom of the POP’ ligand is protecting the vacant site of the 
rhodium complex too well and creates an unreactive, stable complex. Whilst it is very 
successful in halting the decarbonylation of the aldehyde it also hinders the addition 
of substrate to the rhodium making it inactive towards hydroacylation.
To asses the limit of this stability, 100 equivalents of acetonitrile were added to a 
solution of complex 34 in acetone. Unlike the analogous DPEphos complex, 12, no 
change was observed by lH and 3IP{]H} NMR spectroscopy. It can be concluded that 
as acetonitrile could not bind to the rhodium centre it is clear that the complex is too 
stable to use with any weaker binding substrate, such as alkene, that requires access to 
the rhodium centre.
When complex 31 was tested under the same catalytic conditions as those used for the 
DPEphos system with aldehyde I and methyl acrylate as the substrate, the only 
observed product was that of the Tishchenko reaction (Scheme 4.10) a coupling 
reaction between two aldehyde molecules. The organic product is observed in the *H
NMR spectrum, with new signals at 8 4.27 [t, /(HH) 6.20 Hz, 2H, OCH2], 8  2.96-2.62 
(m, 8 H, CH2), 8  2.20 (s, SCH3) and 8 2.18 (s, SCH3). This is consistent with literature 
values for this compound (in CDCI3 solution) which give the OCH2 signal at 8  4.14,
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the other CH2 groups are observed between 8 1.87 and 8  2.70 and the two methyl
9  Sgroups are observed at 8 2.06 and 8 2.04.
[Rh(POP')][BArF4]
A ceton e
Scheme 4.10 The Tishchenko reaction.
The mechanism for the Tishchenko reaction has been suggested but never
0f\ 9Qconfirmed. ' However, the mechanisms consistently involve coordination of the 
second molecule of aldehyde to the metal centre at a vacant site.
The reactivity observed in this system is surprising given the aforementioned stability. 
It seems unlikely that the second aldehyde molecule would be able to bind to the 
rhodium centre when a smaller, strongly binding molecule such as acetonitrile cannot. 
It is therefore suggested that this reaction could be occurring via an outer sphere 
mechanism similar to that observed by Noyori et al. in their transfer hydrogenation 
reactions (Scheme 4.11 ).30 The organometallic product of the reaction is complex 34, 
i.e. the complex remains unchanged during the process, which gives weight to the 
outer sphere mechanism.
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Scheme 4.11 Suggested outer sphere mechanism for the Tishchenko reaction (top) compared to 
Noyori’s transfer hydrogenation mechanism (bottom).30
Clearly this is a speculative mechanism and further investigation would be necessary 
to prove that this is the process taking place. For example, by using DFT calculations 
the energy of the proposed transition state could be established. This in combination 
with other experimental studies such as isotopic labelling could help to prove the 
mechanism.
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4.3.4 l,5-bis(diphenylphosphino)pentane as a ligand
The final variation to the DPEphos ligand that was studied was the ligand
l,5-bis(diphenylphosphino)pentane (Figure 4.27), referred to from now onwards as 
P C P \
Ph2P PPh2
Figure 4.27 1,5-bis(diphenylphoshino)pentane, PCP’.
The complex [Rh(PCP’)(nbd)][BArF4], 36, was synthesised via the route shown in 
Scheme 4.12 and characterised by 'H and 31P {1H } NMR spectroscopy and X-ray 
diffraction studies. The solid state structure is shown in Figure 4.28.





Scheme 4.12. Synthesis of [Rh(PCP’)(nbd)][BArF4l, 36.
The solid state structure of 36 shows a square planar Rh(I) motif with coordination of 
the norbornadiene ligand via the alkene carbons. It also shows the phosphorus atoms 
are bound to the rhodium with Rh-P bond lengths of 2.3077(4) and 2.3658(4). These 
are very similar to those observed for the POP’ ligand in complex 30 where Rh-P 
bond lengths were 2.3171(4) and 2.3473(4).
2 0 8
Figure 4.28 ORTEP plot of complex 36. Ellipsoids are drawn at the 50% probability level. (Anion










Table 4.9 Selected bond lengths (A) and angles (°) for complex 36.
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The ‘H and 31P {1H } NMR spectra confirm the solid state structure. Signals for the 
coordinated norbornadiene in the 'H NMR spectrum are observed at 5 4.43, 8 3.88 
and 5 1.51. The signals for the pentane linkage between the phosphorus atoms are 
observed at 8 2.42, 8 2.31 and 8 1.85 in the ratio 4:2:4. No low-field C-H signal is 
observed (c.f. complex 28) which suggests there is more flexibility in the backbone of 
this ligand. In the ^Pf ' H} NMR spectrum a doublet is observed at 8 15.3 with a 
/(RhP) value of 152 Hz. The values are consistent with a square planar Rh(I) species 
as they are similar to those observed for complexes 30 [8 18.7, /(RhP) 156] and 9 
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Scheme 4.13 Formation of [(PCP,)Rh(acetone)2][BArF4], 37.
On hydrogenation of complex 36 in (^-acetone solution (Scheme 4.13) there was a 
colour change from orange to red. The resulting complex, 37, was characterised in
situ by ‘H and 31P {1H } NMR spectroscopy.
In the 'H NMR spectrum the signals for the pentane linkage were observed at 8 2.96, 
8 2.46 and 8 1.86 in the ratio 2:4:4. The aromatic region showed a multiplet 
corresponding to the phenyl groups on the phosphines and the protons of the [BArF4 ]' 
anion. The only other signals observed correspond to free norbornane. In the 31P{ !H] 
NMR spectrum a doublet is observed at 8 36.5 with 7(RhP) 197.0 Hz consistent with a 
Rh(I) square planar bis(acetone) complex as the values are similar to those observed 
for complex 10 [8 41.8, 7(RhP) 209 Hz].
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On addition of II  to complex 37 the complex [(PCP’)Rh(COC6H4SMe)H][BArF4], 38, 
is formed. The 31P{1H} NMR spectrum shows a broad doublet at 298 K with a 
chemical shift of 8 37.3. On cooling to 200 K the signal splits to give an ABX second 
order coupling pattern indicating the phosphorus atoms are trans to each other. The 
two doublet of doublets are observed at 8 41.5 and 8 35.6 with /(RhP) values of
124.0 Hz and 129.6 Hz respectively. The /(PP) value is 279.9 Hz supporting the 
assignment as trans phosphorus atoms. No other signals are observed. The *H NMR 
spectrum at room temperature unusually shows two hydride environments at 8 -5.06 
and 8 -8.00 in the ratio 1 : 1 .  These signals do not change significantly on cooling. 
The hydride signal at 8 -8.00 is a doublet with /(RhH) of 25.1 Hz. The signal at 
8 -5.06 is broad with a small /(RhH) coupling of around 8 Hz. One explanation for 
this would be two isomers in solution with different hydride environments but very 
similar phosphorus environments. These could be two five coordinate species one 
with a hydride at 8 -8.00 trans to the sulphur atom giving a large /(RhH) of 25.1 Hz 
(i) and the other with the hydride at 8 -5.06 trans to the acyl carbon giving small 
/(RhH) coupling of around 8 Hz (ii) (Figure 4.29). The ESI-MS data for this 
complex shows a peak at 695.6 m/z corresponding to the calculated mass for the ion 
[(PCP’)Rh(COC6H4SMe)H]+, confirming the formula.
Ph2P  - R t i  P P h2
Figure 4.29 Two possible isomers of complex 38 with identical phosphorus environments but
different hydride environments.
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Complex 38 is not stable, after 24 hours at room temperature the complex has 
completely decomposed to a mixture of compounds.
The addition of I to complex 37 resulted in a mixture of compounds which could not 
be fully characterised. No signal was observed in the region 5 -8 to 5 -13 where the 
hydride formed following C-H activation of the aldehyde is usually seen (complex 12 
at 8 -8.75, complex 25 at 8-12.9 and complex 34 at 8 -9.61). It is possible that other 
reactions such as C-H activation of the central CH2 group have occurred, similar to 
that observed for the PCP ligand. This would form a Rh(III) species and so would 
most likely be an octahedral complex with two other ligands (Figure 4.30), for 
example acetone or excess aldehyde in the solution.
Rh— L
Figure 4.30 Possible structure for complex formed on addition of I to complex 37.
When 37 was tested under the same catalytic conditions as used for the DPEphos 
system no desired product was observed. Further tests were carried out at higher 
temperature, 80°C, with 10 equivalents of methyl acrylate and 5 equivalents of I 
added to 37. After 3 hours the methyl acrylate signals had not decreased in intensity, 
however the aldehyde peaks disappear. New peaks are observed for the organic 
product of the Tishchenko reaction. It is clear that the PCP’ ligand forms Rh 
complexes which are not active towards hydroacylation but are successful catalysts
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for the Tishchenko reaction. The reason for this observed reactivity, and similarity to 
the POP’ system, is unknown.
In this case, given the lack of a hemilabile atom, it is possible that a second molecule 
of aldehyde can bind to the metal centre and so it may be that the Tishchenko reaction 
is going via a different route (i.e. inner sphere) from that proposed for the POP5 
system. However, it is unclear why the hydroacylation reaction is unsuccessful given 
that if a second molecule of aldehyde can access the metal centre there is no apparent 
reason why the methyl acrylate does not. One possible explanation for this is that the 
PCP’ ligand binds with the phosphorus atoms trans to each other and so blocks the 
vacant site, hindering the hydroacylation reaction. The Tishchenko reaction could 
then still proceed via the outer sphere mechanism proposed for the POP’ system.
The final possibility is that the central carbon atom could undergo C-H activation and 
bind to the rhodium as suggested previously. This would therefore be similar to the 
POP’ ligand as the central atom is permanently bound to the rhodium. However, the 
complex formed in this process would be a Rh(III) species and so would be unlikely 
to oxidatively add the aldehyde in order to carry out the Tishchenko reaction via the 
proposed outer sphere mechanism. This because metals in an oxidation state above 
+2 do not usually undergo oxidative addition6 and Rh(V) complexes are particularly
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5 Conclusions and Future Work
For the DPEphos rhodium hydroacylation system the ligand was shown to exhibit 
hemilabile behaviour having two modes of coordination to the rhodium. The first 
mode was bidentate coordination via the two phosphorus atoms and was observed in 
the majority of the observed intermediates identified in the hydroacylation catalytic 
cycle. The second mode involved the additional coordination of the oxygen atom and 
the trans arrangement of the phosphines. This was observed for the acyl-hydride 
intermediates (complexes 12 and 14) and was revealed to significantly improve the 
stability of the catalyst towards decarbonylation. The occupation of an otherwise 
vacant site, creating a six coordinate species, slows the rate of decarbonylation 
without significantly hindering the rate of hydroacylation. This creates a more robust 
hydroacylation catalyst than the previously reported DPPE system.
PCP DPPE DPEphos POP* PSP  
PCP*
Potentially
Very Active ., . 10 . . Inactive
Hydroacylation
Decarbonylation Catalyst decarbonylation
'  s  '
Figure 5.1 Important balance between activity and stabilisation towards decarbonylation for
hydroacylation catalysts.
The variation of the DPEphos ligand highlights the importance of the necessary 
balance between binding to the vacant site enough to hinder decarbonylation but not 
too strongly so that the hydroacylation reaction cannot proceed (Figure 5.1). Ligands 
such as the sulphur analogue, PSP, and the alkyl linked analogue, POP’, were found
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to bind too strongly forming inactive compounds that would not continue with the 
onward reaction. The alkane analogues, PCP and PCP’ formed highly active 
compounds, similar to DPPE, which could offer no stabilisation to the metal at all. 
This lead to decomposition of the complexes to a variety of inactive compounds.
of a chelating aldehyde as this limits the overall synthetic usefulness of the reaction. 
Initially, the use of the [Rh(POP’)]+ catalyst with a non-chelating aldehyde would be 
investigated as the acyl-hydride intermediate would then be a five coordinate species 
and so should go on to insert the alkene and give the product of hydroacylation. This 
may be slowed by decarbonylation, however, as there is no hemilabile atom to protect 
against this. Therefore if the results were promising it would be of interest to 
synthesise a ligand with three good donor ligands and one poor donor atom. These 
could be based on the triphos ligand synthesised by Hewertson and Watson1 but with 
another group attached that contains a heteroatom, e.g. oxygen. This would form a 
six coordinate acyl-hydride intermediate which is more stable to decarbonylation, but 
could dissociate a ligand in order to allow alkene to bind and continue the 
hydroacylation reaction (Figure 5.2).
Future work in this area could include development of a system that avoided the use
P ro p o sed  ligand structure
•OMe
P r o p o se d  acyl-hydride  
in term ed iate
Figure 5.2 Structure of proposed ligand and acyl-hydride rhodium complex it would be expected to
form.




All manipulations, unless otherwise stated, were performed under an atmosphere of 
argon, using standard Schlenk-line and glove-box techniques. Glassware was oven 
dried at 130 °C overnight and flamed under vacuum prior to use. Diethyl ether, 
CH2CI2, pentane, THF and toluene were dried over activated alumina, copper and 
molecular sieves using an MBraun solvent purification system. CD2CI2, CDCI3 and 
fluorobenzene were distilled under vacuum from CaH2. Acetone and d6-acetone were 
dried over CaSCL and vacuum distilled. ds-Toluene was dried over sodium, vacuum 
distilled, and stored over molecular sieves. Microanalyses were performed by 
Elemental Microanalysis Limited.
6.1.1 NMR spectroscopy
!H, ]H { 1 *B}, n B, 11B{1H} and 31P{'H} spectra were recorded on Bruker Avance 500, 
400 or 300 MHz spectrometers. Residual protio solvent was used as reference for lH 
and ]H{]1B} NMR spectra (CDC13: 8 = 7.26, CD2C12: 8 = 5.33, (^-Acetone: 8 = 2.04, 
d8-toluene: 8  = 2.09). 1]B, n B{]H} and 31P{1H} spectra were referenced against 
BF3.OEt2 (external) and 85% H3PO4 (external) respectively. Chemical shifts are 
quoted in ppm. Coupling constants are quoted in Hz.
6.1.2 Gas chromatography
Gas chromatography was performed using a Perkin-Elmer GC, helium carrier gas 
(12 psi), injection volume 0.2 pL, a flame ionisation detector and oven temperature 
40°C (for hydrogenation reactions) or ramped between 60 and 180°C (for
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hydroacylation reactions). Data was analysed using the TurboChrom software 
package.
6.1.3 X-ray Crystallography
Crystallographic measurements for molecular structures of 2a, 2c, 3, 4, 5c, 6c, 7, 9, 
10, 11, 13, 14, 16, 27, 30, 32, 34 and 36 were recorded on a Nonius Kappa CCD 
diffractometer with MoKa radiation (0.71071 A). Structure solution, followed by 
full-matrix least-squares refinement was performed by using the SHELX suite of 
programs throughout. Hydrogen atoms were included in calculated positions. Data 
collection and refinement was performed by Dr. Gabriele Kociok-Kohn or Dr. Simon 
Brayshaw.
6.1.4 Mass Spectrometry
Electrospray Ionisation Mass Spectrometry was carried out on a Bruker electrospray 
MicroTOF-Q mass spectrometer.
6.1.5 Computational Details
Preliminary geometries for the cis complexes 34i, 34ii, and 34iii were obtained from 
UFF calculations, 1 under the ArgusLab 4.0.1 package. The preliminary geometry of 
34 was obtained from the experimental solid state structure. Final gas phase geometry 
optimisations and energy calculations were performed using the Gaussian03 program 
utilising the density fitting approximation.2'4 34, 34i, 34ii and 34iii were optimised 
using the BPW915’6 functional; for rhodium a relativisitic pseusopotential and the 
cc-pVDZ (with the most diffuse primitive decontracted) basis set7 was used, and the 




The starting materials Cs[c/as6>-CBnH6Cl6],n Csfdoso-CBnHaCB^],11 
Cs[closo-CB 11 H6l6], 12 Ag[closo-CB \ i H6C16], 11 Ag[closo-CB 11 H6Br6], 11
Ag[closo-CB ] i Hgl^], 12 [Ir(cod)Cl] 2, 13 [Rh(nbd)Cl]2, 14 [Ph2P(C6H4)2]S,15
[Ph2P(C6H4)2]CH216 and [Ph2P(CH2)2]20 17 were all prepared by published literature 
methods or variations thereof. The compounds PPI13, PMe2Ph, DPPE,
l,5-bis(diphenylphosphino)pentane, cyclohexene and methyl acrylate were purchased 
from Sigma-Aldrich and used without further purification. DPEphos was purchased 
from Strem Chemicals and used without further purification. The aldehydes 
3-(methylthio)propionaldehyde and 2-(methylthio)benzaldehyde were purchased from 
Sigma-Aldrich and distilled before use.
6.2.2 Iridium Complexes 
Preparation of [(PPh^)2lr(cod)][closo-CB7iH(,CU] (la)
A  solution of PPI13  (0.156 g, 5.96 x 10'4 mol) in ethanol (3 cm3) was added dropwise 
with stirring to a suspension of [Ir(cod)Cl] 2 (0.100 g, 1.49 x 10'4 mol) in ethanol 
(1 cm3) giving a red solution. A solution of Cstc/oso-CBnHeCy (0.144 g,
2.98 x 10'4 mol) in ethanol (3 cm3) was added to the solution giving a red precipitate. 
The solvent was removed in vacuo and the residue was partially redissolved in 
CH2C12. The mixture was filtered and pentane was added to the filtrate. The solution 
was stored at -18 °C overnight to give the product as red crystals. Yield, 0.221 g, 
63%. Microanalysis: [(PPh3)2Ir(cod)][dos0 -CBnH6Cl6].2 CH2Cl2 requires C 41.99 %, 
H 3.90 %, found C 42.12 %, H 3.93 %.
2 2 0
'H  NMR (8/ppm 300.2 MHz CD2C12) 7.65 - 6.87 (m, 30H, ArH), 4.15 (s, 4H, cod),
2.05 (br s, 1H, cage CH), 2.22 (m, 4H, cod), 1.90 (m, 4H, cod).
31P{1H) NMR (8/ppm 121.5 MHz CD2C12) 18.8 (s).
UB (8/ppm 96.3 MHz CD2C12) 1.8 (br s, IB, BC1), -5.1 (br s, 5B, BC1), -22.5 [d, 
7(HB) 164 Hz, 5B, BH],
Preparation of [(PPh3)2lr(cod)][closo-CB nH6Br6] (lb)
A solution of PPh3 (0.147 g, 5.6 x 10'4 mol) in ethanol (3 cm3) was added dropwise 
with stirring to a suspension of [Ir(cod)Cl]2 (0.094 g, 1.4 xlO"4 mol) in ethanol (1 cm3) 
giving a red solution. A solution of Ag[das0 -CBnH6Br6] (0.203g, 2.80 x 10'4 mol) in 
ethanol (3 cm3) was added to the solution giving a red precipitate. The solvent was 
removed in vacuo and the residue was partially redissolved in CH2CI2. The mixture 
was filtered and pentane was added to the filtrate. The solution was stored at -18 °C 
overnight to give the product as red crystals. Yield, 0.256 g, 60%. Microanalysis: 
[(PPh3)2Ir(cod)] [closo-CB 1, H6Br6] .CH2C12 requires C 36.20 %, H 3.30 %
found C 36.39%, H 3.25 %.
NMR (6/ppm 300.2 MHz CD2C12) 7.66 - 6.93 (m, 30H ArH), 4.15 (s, 4H, cod), 
2.50 (br s, 1H, cage CH), 2.22 (m, 4H, cod), 1.90 (m, 4H, cod).
31P{‘H} NMR (8/ppm 121.5 MHz CD2C12) 18.8 (s).
n B NMR (8/ppm 96.3 MHz CD2C12) -0.6 (br s, IB, BBr), -8.9 (br s, 5B, BBr), -19.4 
[d, 7(HB) 168 Hz, 5B, BH],
Preparation of [(PP1t3)2lr(cod)][closo-CBuH^lJ  (lc)
A solution of PPh3 (0.156 g, 5.96 x 10'4 mol) in ethanol (3 cm3) was added dropwise 
with stirring to a suspension of [Ir(cod)Cl]2 (0.100 g, 1.49 xlO'4 mol) in ethanol 
(1 cm3) giving a red solution. A solution of Cs[c/o50-CBnH6l6] (0.307 g,
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2.98 x 10'4 mol) in ethanol (3 cm3) was added to the solution giving a red precipitate. 
The solvent was removed in vacuo and the residue was partially redissolved in 
CH2CI2. The mixture was filtered and pentane was added to the filtrate. The solution 
was stored at -18 °C overnight to give the product as red crystals. Yield, 0.334 g, 
65%. Microanalysis: [(PPh3)2lr(cod)][c/osc?-CBnH6l6].CH2Cl2 requires C 30.55 %, H 
2.79 %, found C 30.89 %, H 2.69 %.
*H NMR (8/ppm 300.2 MHz CD2C12) 7.52 - 7.14 (m, 30H, ArH), 4.15 (s, 4H, cod),
3.0 (br s, 1H cage CH), 2.22 (m, 4H, cod), 1.90, (m, 4H, cod).
"P ^ H J NMR (8/ppm 121.5 MHz CD2C12) 18.9, (s).
n B (8/ppm 96.3 MHz CD2C12) -5.7 (br s, IB, BI), -13.1 [d, J(HB) 167 Hz, 5B, BH], 
-18.3 (brs, 5B, BI).
Preparation of [(PPh2)2 lrH 2 (closo-CB uH^CU)] (2a)
A solution of [(PPh3)2lr(cod)][<:/<m>-CBi]H6Cl6] (10 mg, 8.51 x 10'6 mol) in CD2CI2 
(0.5 cm3) was freeze thaw degassed and back-filled with H2 at 77 K. On warming to 
room temperature the solution changed from red to colourless. The product was 
characterised in situ by NMR spectroscopy. Crystals suitable for X-ray diffraction 
were obtained by diffusion of pentane into a solution of the complex (18 mg, 
1.7 x 10'5 mol) in fluorobenzene. Yield, 11 mg, 62 %.
Microanalysis: [(PPh3)2lrH2(CBnH6Cl6)] requires C 41.51 %, H 3.77 %, found 
C 40.57 % ,H 3.81 %.
‘H NMR (8/ppm 400.1 MHz CD2C12 298 K) 7.78 - 6.92 (m, 30H, ArH), 2.21 (s, 1H, 
cage CH), -26.80 (br s, 2H, IrH).
31P{'H} NMR (8/ppm 162.0 MHz CD2C12298 K) 23.4 (s).
n B NMR (8/ppm 128.4 MHz CD2C12 298 K) 0.9 (br s, IB, BC1), -5.9 (br s, 5B, BC1), 
-22.9 [d, br, 7(HB) 159 Hz, 5B, BH],
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*H NMR (8/ppm CD2C12 200 K selected) -25.07 [t, /(PH) 16 Hz, 1H],* -26.52 (br s, 
0.3H),* -28.17 (br s, 0.3H),* -29.19 [t, /(PH) 14 Hz].*
^P^H } NMR (6/ppm 162.0 MHz CD2C12 200 K) 30.5 (s),* 26.7 (s),* 23.3 (s).1 
11B{1H} NMR (6/ppm 128.4 MHz CD2C12 200 K) 0.3 (br s, IB, BC1), -6.8 (br s, 5B, 
BC1), -25.2 (s, br, 5B, BH).
* Indicates species i, * indicates species ii, * indicates species iii.
NMR (6/ppm 400.1 MHz d8-toluene 298 K) 7.51 - 6.74 (m, 30H, ArH), 2.24 (s,
1H, cage CH), -27.71 [t, /(PH) 18 Hz, 2H, IrH].
^P^H } NMR (6/ppm 162.0 MHz d8-toluene 298 K) 20.6 (br s).
“ B^H} NMR (6/ppm 128.4 MHz d8-toluene 298 K) 1.5 (br, IB, BC1), -5.3 (s, 5B, 
BC1), -23.2 (br, 5B, BH).
31P{1H) NMR (6/ppm 162.0 MHz d8-toluene 270 K) AB system observed: 20.7, 20.3. 
“ B^HJ NMR (6/ppm 128.4 MHz d8-toluene 270 K) 2.43 (br, IB, BC1), -4.9 to -7.6 
(br, 5B, BC1), -21.0 to -29.0 (br, 5B, BH)
31P{!H} NMR (6/ppm 162.0 MHz d8-toluene 200 K) AB system observed: 21.5 (d, 
/ ( PP) 340 Hz) 18.9 [d, /(PP) 340 Hz].
Preparation of [(PPhdzIr^icloso-CBnHJlrt)]18 (2b)
A solution of [(PPh3)2Ir(cod)][c/<?s<?-CBnH6Br6] (10 mg, 6.94 x 10'6 mol) in CD2C12 
(0.5 cm3) was freeze thaw degassed and back-filled with H2 at 77 K. On warming to 
room temperature the solution changed from red to colourless. The product was 
characterised in situ by NMR spectroscopy.
NMR (6/ppm 400.1 MHz CD2C12 298 K) 7.67 - 7.12 (m, 30H, ArH), 2.44 (s, 1H, 
cage CH), -25.96 (br s, 2H, IrH).
31P{jH} NMR (6/ppm 162.0 MHz CD2C12298 K) 15.3 (s).
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n B NMR (5/ppm 128.4 MHz CD2C12 298 K) -1.6 (br s, IB, BBr), -9.8 (br s, 5B, 
BBr), -20.3 [d, /(HB) 161 Hz, 5B, BH].
NMR (5/ppm 400.1 MHz CD2C12 200 K selected) -25.30 [t, /(PH) 15 Hz, 0.5H],1 
-25.74 [t, /(PH) 18 Hz, 1H], -26.61 (br s, 0.2H),* -28.45 (br s, 0.2H,).*
^P^H } NMR (5/ppm 162.0 MHz CD2C12 200 K) 26.6 (s),* 23.3 (s),1 AB system 
observed: 19.0 [d, /(PP) 340 Hz], 14.5 [d, /(PP) 340 Hz].
* Indicates species i, * indicates species iii.
NMR (5/ppm 400.1 MHz d8-toluene 330 K) 7.72 - 6.91 (m, 30H, ArH), 1.81 (br s, 
1H, cage CH), -25.67 [t, /(PH) 18.5 Hz, 2H, IrH].
^P^H } NMR (5/ppm 162.0 MHz d8-toluene 330 K) 13.8 (s).
11B{1H} NMR (5/ppm 128.4 MHz d8-toluene 330 K) -0.1 (s, IB, BBr), -8.7 (s, 5B, 
BBr), -20.9 (s, 5B, BH).
31P{1H} NMR (5/ppm 162.0 MHz d8-toluene 310 K) AB system observed: 14.2, 13.3. 
“ B^H} NMR (5/ppm 128.4 MHz d8-toluene 298 K) -0.1, (s, IB, BBr), -6.3 to -18.6 
(br, 5B, BBr), -19.1 to -28.4 (br, 5B, BH).
31P{1H} NMR (5/ppm 162.0 MHz d8-toluene 298 K) AB system observed: 15.31 [d, 
/(PP) 340 Hz], 12.17 [d, /(PP) 340 Hz].
Preparation o f [(PPh3)2lrH 2(closo-CB11H6I 6)] (2c)
A solution of [(PPh3)2Ir(cod)][das<?-CBnH6l6] (10 mg, 5.80 x 10'6 mol) in CD2C12 
(0.5 cm3) was freeze thaw degassed and back-filled with H2 at 77 K. On warming to 
room temperature the solution changed from red to colourless. The product was 
characterised in situ by NMR spectroscopy. Crystals suitable for X-ray diffraction 
were obtained by diffusion of pentane into a solution of the complex (18 mg, 
1.16 x 10'5 mol) in fluorobenzene. Yield, 13 mg, 67 %.
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Microanalysis: [(PPh3)2lrH2(CBi]H6l6)]2.C5Hi2 requires C 28.7 %, H 2.7 %, found C
28.3 %, H 2.7 %.
XH NMR (5/ppm 400.1 MHz CD2C12 298 K) 7.59 - 7.10 (m, 30H, ArH), 2.92 (br s, 
1H, cage CH), -21.76 [t, /(PH) 18.2 Hz, 2H, IrH].
NMR (5/ppm CD2C12 298 K) AB system observed: 12.1 [d, /(PP) 340 Hz], 
6.44 [d, /(PP) 340 Hz].
n B NMR (5/ppm 128.4 MHz CD2C12 298 K) -5.4 (br s, IB, BI), -14.5 to -21.8 (br, 
10B, 5 x BH and 5 x BI).
XH NMR (5/ppm 400.1 MHz d8-toluene 370 K) 7.63 - 6.77 (m, 30H, ArH), 2.26 (br s, 
1H, cage CH), -21.8 [t, /(PH) 18 Hz, 2H, IrH].
31P{1H} NMR (5/ppm 162.0 MHz d8-toluene 370 K) 9.2 (br s).
1IB{1H} NMR (5/ppm 128.4 MHz d8-toluene 370 K) -1.8 (s, IB, BI), -11.8 (s, 5B, 
BH), -15.3 (s, 5B, BI).
31P{xH} NMR (5/ppm 162.0 MHz d8-toluene 298 K) AB system observed: 13.84 [d, 
/(PP) 343 Hz], 7.80 [d, /(PP) 343 Hz].
11B{1H} NMR (5/ppm 128.4 MHz d8-toluene 298 K) -1.7 (s, IB, BI) -5 to -23 (br, 
10B, 5BH and 5BI).
Preparation o f [(PPfi3)2lr(cod)][BArF4] (Id)
A  solution of PPh3 (0.156 g, 5.96 x 10'4 mol) in ethanol (3 cm3) was added dropwise 
with stirring to a suspension of [Ir(cod)Cl]2 (0.100 g, 1.49 x 10'4 mol) in ethanol 
(1 cm3) giving a red solution. A solution of Na[BAr4F] (0.264 g, 2.98 x 10'4 moles) in 
ethanol (3 cm3) was added to the solution giving a red precipitate. The solvent was 
removed in vacuo and the residue partially redissolved in CH2CI2. The mixture was 
filtered and pentane was added to the filtrate. The solution was stored at -18°C
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overnight to give the product as red crystals. Yield: 0.402 g, 80%. Microanalysis: 
[(PPh3)2lr(cod)][BArF4] requires 54.07 % C, 3.22 % H, found 54.39 % C, 3.34 % H.
‘H NMR (5/ppm 300.2 MHz CD2C12) 7.93 - 6 .8 6  (m, 42H, ArH), 4.09 (s, 4H, cod), 
2.19 (m, 4H, cod), 1.86, (m, 4H, cod).
^P t'H } NMR (8 /ppm 121.5 MHz CD2C12) 18.8 (s). 
n B NMR (8 /ppm 96.3 MHz CD2C12) -5.9 (s).
Preparation of[(PPh3)2lrH 2(CH2Cl2)„][BAr4F] (2d)
A  solution of [(PPh3)2Ir(cod)][BAr4F] (10 mg, 5.92 x 10'6 m o l) in CD2C12 (0.5 cm3) 
was freeze thaw degassed and back-filled with H2 at 77 K. On warming to room 
temperature the solution changed from red to colourless. The product was 
characterised in situ by NMR spectroscopy.
*H NMR (8 /ppm 400.1 MHz CD2C12 298 K) 7.71 - 7.11 (m, 42H, ArH), -26.89 (br s, 
2H, IrH).
3IP{*H} NMR (6/ppm 162.0 MHz CD2C12 298 K) 24.5 (br s).
*H NMR (8 /ppm 400.1 MHz CD2C12 270 K selected) -25.70 (br s, 0.5H), -28.05 (br s, 
1H).
31P{'H) NMR (8 /ppm 162.0 MHz CD2C12 270 K) 27.2 (s), 23.2 (s).
*H NMR (8 /ppm 400.1 MHz CD2C12 230 K selected) -25.3 [t, J(PH) 14 Hz, 0.5H], 
-27.5 (br s, 0.8H), -29.24 (br s, 0.2H).
’‘Pf'H} NMR (6/ppm 162.0 MHz CD2C12 230 K) 30.4 (s), 26.8 (s), 23.2 (s).
'H  NMR (5/ppm 400.1 MHz CD2C12 200 K selected) -25.11 [t, 7(PH) 14 Hz, 0.5H],f 
-26.71 (br s, 0.3H),* -28.06 (br s, 0.3H),* -29.15 [t, J(PH) 15 Hz, 0.2H].*
3IP{1H) NMR (8 /ppm 162.0 MHz CD2C12 200 K) 30.5 (s),* 26.9 (s),’ 23.2 (s).f 
Indicates species i, * indicates species ii, * indicates species iii.
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Preparation of[(PPh3)2HIrH3lrH(PPIt3)2][B A rf] (3)
A solution of [(PPh3)2lr(cod)][BAr4F] (20 mg, 1.18 x 10'5 moles) in CH2CI2 was freeze 
thaw degassed and back-filled with H2. After warming to room temperature the 
solution was layered with pentane and stored at 5 °C to yield yellow crystals. Yield, 
8  mg, 59 %. Microanalysis: [(PPhs^HIrHsIrHCPPhs^tBAr/] requires C 54.27 %, H 
3.37 %, found C 54.39 %, H 3.34 %.
NMR (6/ppm 400.1 MHz CD2C12) 8.00 - 7.13 (m, 72H, ArH), -6.63, (br s, 2H, 
bridging H), -7.63 (br s, 1H, bridging H), -22.79 (s, 2H, terminal H).
NMR (6/ppm 162.0 MHz CD2C12) 20.4 (s), 18.4 (s). 
n B NMR (6 /ppm 128.4 MHz CD2C12) -6 .6  (s).
Preparation ofKPPhshlrfyC lCfyCH zClJtBArf] (4)
A solution of [(PPh3)2lr(cod)][BAr4F] (10 mg, 5.92 x 10'6 mol) in C2H4CI2 (0.5 cm3) 
was freeze thaw degassed and back-filled with H2 at 77 K. On warming to room 
temperature the solution changed from red to colourless. X-ray quality crystals were 
obtained by diffusion of pentane into a solution of the complex (30 mg, 1.776 x 10"5 
mol) in C2H4CI2. Yield, 22 mg, 73 %.
Microanalysis: [(PPh3)2lrH2ClCH2CH2Cl][BAr4F] requires 50.02 % C, 2.88 % H, 
found 50.21 % C, 2.91 % H.
ESI-MS (CH2CI2) m/z 817.1 (exp) 817.1 (M+ calc.).
NMR (6 /ppm 500.1 MHz C2H4C12 298 K) 7.67 - 6.85 (m, 42H, ArH), -23.84 (t, 
7(PH) 15 Hz, 2H, IrH).
31P{1H} NMR (6 /ppm 202.5 MHz C 2 H4 CI2  298 K) 19.1 (s).
NMR (6 /ppm 500.1 MHz CD 2 C12 298 K) 7.74 - 6 .8 8  (m, 42H, ArH), 3.23 (br s, 
4H, C2 H4 CI2 ), -25.08 (br s, 2H, IrH).
31P{1H} (6 /ppm 202.5 MHz CD2C12 298 K) 21.4 (br s).
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JH NMR (8 /ppm 500.1 MHz CD2C12 270 K selected) 3.71 (br s, 1.8H, free C2H4C12), 
2.27 (br s, 2.1H, bound C2H4C12), -23.47 [br s, 0.7H, IrH (4)], -25.69 [br s, 0.5H, IrH 
(2d)].
3IP{‘H} (8 /ppm 202.5 MHz CD2C12 270 K) 22.8 [br s, (2d)] 19.2 [br s, (4)].
'H NMR (8/ppm 500.1 MHz CD2C12 250 K selected) 3.75 (s, 1.2H, free C2H4C12),
2.05 (2.3H, bound C2H4Cli), -23.29 [t, /(PH) 15 Hz, 1.1H, IrH (4)], -25.53 [br triplet 
coupling not resolved, 0.3H, IrH (2d)].
31P[‘H} (8 /ppm 202.5 MHz CD2C12 250 K) 23.1 [br s, (2d)] 19.3 [br s, (4)].
*H NMR (8 /ppm 500.1 MHz CD2C12 220 K selected) 3.85 (s, 0.7H, free C2H4C12),
1.98 (s, 2.8H, bound QHtCh), -23.12 [t, i(PH) 15 Hz, 1.3H, IrH (4)], -25.29 [t, /(PH) 
15 Hz, 0.1H, IrH (2d)].
-’’P l'H ) (8/ppm 202.5 MHz CD2C12 220 K) 23.2 [br s, (2d)] 19.7 [br s, (4)]. 
Preparation o f [(PMe2Ph)2lr(cod)][closo-CBnH^CU] (5a)
PMe2Ph (83.0 pL, 0.58 x 10'3 mol) was added to a stirred suspension of [Ir(cod)Cl]2 
(0.100 g, 0.147 x 10’3 mol) in EtOH (10 cm3) and the resulting deep red solution was 
treated with a solution of Ag[closo-CB]iUeCle] (0.135 g, 0.29 x 10'3 mol) in EtOH 
(5 cm3). The mixture was stirred overnight and the supernatant was decanted. The 
remaining solid was dissolved in CH2CI2 (5 cm3) and the deep red mixture was 
filtered. The solvent was removed in vacuo and the residue was recrystallised by 
diffusion of pentane into a solution of the complex in CH2CI2 to give the product as 
red crystals. Yield 0.107 g, 39%.
Microanalysis: [(PMe2Ph)2lr(cod)][c/ow-CBnH6Cl6] requires C 32.4 %, H 4.3 %, 
found C 32.6 %,H 4.5%.
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‘H NMR (8/ppm 300.2 MHz CD2C12) 7.55 - 7.32 (m, 10H, ArH), 4.67 (br s, 4H, cod),
2.56 (br s, 1H, cage CH), 2.36 (m, 4H, cod), 2.26 (m, 4H, cod), 1.51 [d, /(PH) 8 Hz, 
12H, CH3].
J1P{'H) NMR (8/ppm 121.5 MHz CD2C12) -12.21 (s).
n B NMR (8/ppm 96.3 MHz CD2C12) 1.02 (s, IB, BC1), -6.03 (s, 5B, BC1), -23.30 [d, 
/(HB) 243 Hz, 5B, BH],
Preparation o f [(PMezPh)2lr(cod)][closo-CBiiH^Br^] (5b)
PMe2Ph (127 pL, 0.90 x 10‘3 mol) was added to a stirred suspension of [Ir(cod)Cl]2 
(0.150 g, 0.23 x 10'3 mol) in EtOH (10 cm3) and the resulting deep red solution was 
treated with a solution of Ag[c/as<9-CBnH6Br6] (0.300 g, 0.45 x 10'3 mol) in EtOH 
(5 cm3). The mixture was stirred overnight and the supernatant was decanted. The 
remaining solid was dissolved in CH2CI2 (5 cm3) and the deep red mixture was 
filtered. The solvent was removed in vacuo and the residue was recrystallised by 
diffusion of pentane into a solution of the complex in CH2CI2 to give the product as 
red crystals. Yield: 0.205 g, 38%.
Microanalysis: [(PMe2Ph)2lr(cod)][c/6w?-CBnH6Br6] requires C 25.0 %, H 3.4 %, 
found C 25.2 %, H 3.4 %.
*H NMR (5/ppm 300.2 MHz CD2C12) 7.61 - 7.28 (m, 10H, ArH), 4.60 (br s, 4H, cod), 
2.52 (br s, 1H, cage CH), 2.25 (m, 4H, cod), 2.14 (m, 4H, cod), 1.46 [d, /(PH) 18 Hz, 
12H, CH3].
31P{1H} NMR (5/ppm 121.5 MHz CD2C12) -10.98 (s).
“ B^H ) NMR (5/ppm 96.3 MHz CD2C12) -0.9 (s, IB, BBr), -9.0 (s, 5B, BBr), -19.5 
(s, 5B, BH).
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Preparation of [(PMe2Ph)2lr(cod)][c l o s o - C B i ] (5c)
PMe2Ph (63.5 pL, 0.45 x 10'3 mol) was added to a stirred suspension of [Ir(cod)Cl]2 
(0.076 g, 0.112 x 10'3 mol) in EtOH (10 cm3) and the resulting deep red solution was 
treated with a solution of Ag[closo-CBuHM  (0.215 g, 0.22 x 10'3 mol) in EtOH 
(5 cm3). The mixture was stirred overnight and the supernatant was decanted. The 
remaining solid was dissolved in CH2CI2 (5 cm3) and the deep red mixture was 
filtered. The solvent was removed in vacuo and the residue was recrystallised by 
diffusion of pentane into a solution of the complex in CH2CI2 to give the product as 
red crystals. Yield: 0.087 g, 36%.
Microanalysis: [(PMe2Ph)2lr(cod)][c/6>soCBnH6l6] requires C 20.3 %, H 2.7 %, 
found C 20.0 %, H 2.8 %.
'H  NMR (8/ppm 300.2 MHz CD2C12) 7.52 - 7.39 (m, 10H, ArH), 4.60 (br s, 4H, cod),
3.05 (br s, 1H, cage CH), 2.82 (m, 4H, cod), 2.18, (m, 4H, cod), 1.43 [d, i(PH) 10 Hz, 
12H, CH3].
3IP{"H) NMR (8 /ppm 121.5 MHz CD2C12) -12.23 (s).
n B {'H( NMR (6/ppm 96.3 MHz CD2C12) -6.54 (s, IB, BI), -14.95 (s, 5B, BI), -19.32 
(s, 5B, BH).
Preparation of [(PMezPhhlrHzicloso-CBnHeCU)] (6a)
A solution of [(PMe2Ph)2lr(cod)][c/o5o-CB]]H6Cl6] (10 mg, 1.08 x 10'5 moles) in 
CD2CI2 (0.5 cm3) was freeze thaw degassed and back-filled with H2 at 77 K. On 
warming to room temperature the solution changed from red to colourless. The 
mixture was characterised in situ by NMR spectroscopy.
NMR (8/ppm 400.1 MHz CD2C12) 7.75 - 7.16 (m, 10H, ArH), 2.51 (br s, 1H, cage 
CH), 1.51 (s, 12H, CH3), -8.26 [d, J 60 Hz, 0.7H, IrH], -9.47 [q, J  35 Hz, 0.2H] -15.35 
(m, 0.5H, IrH), -23.70 (br, 0.3H), -26.18 [t, 720 Hz, 0.1H].
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31P{‘H} NMR (8/ppm 162.0 MHz CD2C12) -10.82 (s), -16.98 (s), 20.88 (s). 
n B NMR (8/ppm 128.4 MHz CD2C12) 1.02 (s, IB, BC1), -6.03 (s, 5B, BC1), -23.30 
[d, 7(HB) 243 Hz, 5B, BH],
Preparation of [(PMe2Ph)2lrH2(closo-CB/ iH$Br6)] (6b)
A solution of [(PMe2Ph)2Ir(cod)][c/o56>-CBnH6Br6] (10 mg, 8.38 x 10"6 mol) in 
CD2CI2 (0.5 cm3) was freeze thaw degassed and back-filled with H2 at 77 K. On 
warming to room temperature the solution changed from red to colourless. The 
product was characterised in situ by NMR spectroscopy.
!H NMR (5/ppm 400.1 MHz CD2C12 298 K) 7.70 - 7.36 (m, 10H, ArH), 2.56 (br s,
1H, cage CH), 1.65 (s, 12H, CH3), -25.81 (t, /(PH) 28 Hz, 2H, IrH).
31P{1H} NMR (5/ppm 162.0 MHz CD2C12 298 K) -18.20 (s).
11B{1H} NMR (5/ppm 128.4 MHz CD2C12 298 K) 2.8 (s, IB, BBr), -5 to -12 (br, 5B,
BBr), -20.6 (s, 5B, BH).
^P ^H } NMR (5/ppm 162.0 MHz CD2CI2 250 K) AB system observed: -17.51, 
-17.60.
31P{1H} NMR (5/ppm 162.0 MHz CD2C12 200 K) AB system observed: -15.91 [d, 
/(PP) 340 Hz], -18.28 [d, /(PP) 340 Hz].
“ B i1!!} NMR (5/ppm 128.4 MHz CD2C12 340 K) -0.9 (s, IB), -9.1 (s, 5B), -19.4 (s, 
5B)
Preparation of [(PMe2Ph)2lrH2(closo-CB/iH f $)] (6c)
A solution of [(PMe2Ph)2lr(cod)][c/o5o-CBi]H6l6] (10 mg, 6.78 x 10'6 mol) in CD2CI2 
(0.5 cm3) was freeze thaw degassed and back-filled with H2 at 77 K. On warming to 
room temperature the solution changed from red to colourless. The product was 
characterised in situ by NMR spectroscopy. X-ray quality crystals were obtained by
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diffusion of pentane into a solution of the complex (19 mg, 1.356 x 10'5 mol) in 
fluorobenzene. Yield, 10 mg, 51%. Microanalysis: [(PMe2Ph)2lrH2(c/<m>-CBnH6l6)] 
requires C 14.92 %, H 2.21 %, found C 14.83 %, H 2.27 %.
NMR (6/ppm 400.1 MHz CD2C12 298 K) 7.61 - 7.19 (m, 10H, ArH), 2.56 (br s, 
1H, cage CH), 1.51 (s, 12H, CH3), -25.81 [t, /(PH) 28 Hz, 2H, IrH].
31P{1H} NMR (6/ppm 162.0 MHz CD2CI2 298 K) AB system observed: -31.74, 
-31.77.
n B NMR (6/ppm 128.4 MHz CD2C12 298 K) -5.8 (br s, IB, BI), -14 to -22 (br, 10B, 
5BI and 5BH).
31P{1H} NMR (6/ppm 162.0 MHz CD2C12 340 K) -32.28 (s)
31P{1H} NMR (6/ppm 162.0 MHz CD2C12 270 K) AB system observed: -30.3 [d, 
/(PP) 340 Hz], -32.5 [d, /(PP) 340 Hz].
Preparation of [(PPI13)2 lrH(i]5-CeHj)][closo-CB71H6Br6] (7)
A solution of [(PPh3)2lr(cod)][c/<95<?-CB1]H6Br6] (20 mg, 1.39 x 10'5 mol) in CH2CI2 
(2 cm3) was freeze thaw degassed and back-filled with H2 at 77 K. On warming to 
room temperature the solution changed from red to colourless. Cyclohexene (5.6 pi,
5.56 x 10"5 mol, 4 equivalents) was added and the solution stirred for 10 mins. 
Crystals suitable for X-ray diffraction were obtained by diffusion of pentane into a 
solution of the complex in CH2CI2 at 5 °C.
*H NMR (5/ppm 400.1 MHz CD2C12) 7.79 - 6.99 (m, 30H, ArH), 1.0 - 5.0 ppm (m, 
br, 7H, ii5-C6H7) 2.52 (br s, 1H, cage CH), -17.74 [t, /(PH) 21.0 Hz, 1H, IrH],
31P{‘H} NMR (8/ppm 162.0 MHz CD2C12) 4.8 (s).
"B f'H ) NMR (8/ppm 128.4 MHz CD2C12) -1.6 (br s, IB, BBr), -9.9 (br s, 5B, BBr), 
-20.4 (br s, 5B, BH).
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Preparation of [(PPh3)(PPh2(C(,H4))IrH(closo-CB11H6Br6)] (8)
A solution of [(PPh3)2lrH2(CBnH6Br6)] in CD2CI2 (0.5 cm3) (prepared as described 
previously) was freeze pump thaw degassed and back-filled with argon. Two 
equivalents of tert-butylethylene, tbe, (1.8pl, 1.38 x 10'5 mol) were added. The 
complex was characterised in situ by NMR spectroscopy.
‘H NMR (6/ppm 400.1 MHz CD2C12) 7.68 - 7.43 (m, 29H, ArH), 2.54 (br s, 1H, cage 
CH), -23.20 [t, /(PH) 16.4 Hz, 1H, IrH].
’‘P t'H J NMR (8/ppm 162.0 MHz CD2C12) 9.5 [d, /(PP) 360 Hz], -62.2 [d, /(PP) 360 
Hz].
Cyclohexene Hydrogenations
In a Schlenk tube, 2.96 x 10'6 mol catalyst precursor, [(PPh3)2lr(cod)][X] (where X = 
[closo-CBu H6C\6Y, [c/<950-CBnH6Br6]‘ or [BAr/]'), was dissolved in 5 cm3 CH2CI2. 
The solution was hydrogenated under 1 atmosphere of hydrogen and left stirring for 
30 mins. The solution was cooled in an ice bath to 1 °C and 100 equivalents of 
cyclohexene (30 pL, 2.96 x 10'4 mol) was added. The solution was left stirring and a 
sample taken every 6 minutes for GC analysis.
For the catalyst precursors [(PMe2Ph)2lr(cod)][c/<m>-CBnH6X6] where X = Cl, Br 
and I, and [(PPh3)2lr(cod)][c/o50-CBnH6l6l the same method was performed, 
however the reaction was carried out at room temperature. For water contamination 
studies, 2.5 pL water was added to the Schlenk tube with the cyclohexene.
Methylcyclohexene hydrogenations
In a Schlenk tube 5 mg (2.96 x 10'6 moles) of [(PPh3)2lr(cod)][BArF4] was dissolved 
in either CH 2 CI2 or C2H 4 CI2 (5 cm3). 100 equivalents of methylcyclohexene (35 pL,
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2.96 x 10‘4 mol) was added. The solution was freeze-thaw degassed and back-filled 
with hydrogen. The solution was left stirring under 1 atmosphere of hydrogen at 
22 °C and samples were taken at 5 minute intervals for 30 minutes and then 15 minute 
intervals for a further 90 minutes. The samples were quenched by addition of 
diphenylphosphinoethane and analysed using Gas chromatography.
6.2.3 Rhodium Complexes
All complexes involving the DPEphos ligand were partnered with each of the anions 
[ctojo-CBiiHi2]', [closo-CB \ iHftCkj], [c/0 j 0 -CBnH6Br6] \ [BArF4]', [PF6]’ and 
[CIO4]'. The anion sources used were Csfc/two-CB 11^ X 5], Na[BArF4], Ag[PF6] and 
Ag[ClC>4]. The compounds which formed have identical NMR data except for those 
signals pertaining to the anion. The signals for each anion are as follows: 
[c/tfso-CBnHn]
^ { “ B} NMR (5/ppm 300.2 MHz d6-acetone) 2.21 (br s, 1H, CH), 1.71 (br s, 1H), 
1.65 (br s, 5H), 1.56 (br s, 5H).
11B{1H} NMR (5/ppm 96.3 MHz d6-acetone) -6.2 (br s, IB), -12.5 (br s, 5B), -15.3 (br 
s, 5B).
[closo-CBuHeCUY
NMR (5/ppm 300.2 MHz d6-acetone) 2.55 (br s, 1H, cage CH). 
n B NMR (5/ppm 96.3 MHz d6-acetone) 1.7 (br s, IB, BC1), -5.1 (br s, 5B, BC1), 
-22.7 (d, / (HB) 164 Hz, 5B, BH).
[closo-CB 11 H6Br6]'
*H NMR (8 /ppm 300.2 MHz de-acetone) 2.98 (br s, 1H, cage CH).
n B NMR (8 /ppm 96.3 MHz de-acetone) -1.7 (s, IB, BBr), -9.8 (s, 5B, BBr), -20.2 [d,
7(HB) 170 Hz, 5B, BH].
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[BArF4r
JH NMR (5/ppm 300.2 MHz CD2C12) 7.71 (m, 8H, ArH), 7.55 (s, 4H, ArH).
"B  NMR (8/ppm 96.3 MHz CD2C12) -5.9 (s).
[PF6]'
31P{1H> NMR (8/ppm 121.5 MHz de-acetone) -144.1 [sept, 7(FP) 707 Hz], 
Preparation of [(DPEphos)Rh(nbd)][X] (9)
A Schlenk tube was charged with [Rh(nbd)Cl]2 (0.049 g, 1.05 xlO'4 mol) and 
DPEphos (0.113 g, 2.1 x 10-4 mol). Methanol (5 cm3) was added and the mixture 
stirred until all solid was dissolved (30 mins). To the yellow solution, a Ag, Na or Cs 
salt of the required anion (2.1 x 10'4 mol) was added. After stirring for an hour a 
yellow/orange precipitate had formed. The methanol was removed in vacuo and the 
solid was partially dissolved in CH2CI2. The mixture was filtered and pentane was 
added to the filtrate. The mixture was stored at -18 °C overnight to give the product 
as orange crystals.
NMR (8/ppm 300.2 MHz CD2C12) 7.61 - 6.93 (m, 28H, ArH), 4.29 (s, 4H, nbd),
3.85 (s, 2H, nbd), 1.51 (s, 2H, nbd).
3IP{]H} NMR (8/ppm 121.5 MHz CD2C12) 17.0 [d, J(RhP) 159 Hz],
Microanalysis Yield
X = [CBnH12]' Calculated: C 54.43 %, H 5.12 % 0.189 g, 81 %
Found: C 54.20 %, H 5.23 %
X = [CBiiH6C16]' Calculated: C 47.48 %, H 3.85 % 0.128 g, 56%
Found: C 47.45 %, H 3.84 %
X = [CBi iH6Br6]' Calculated: C 38.38 %, H 3.11 % 0.181 g, 64%
Found: C 38.59 %, H 3.04 %
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X = [CBi,H6l6] Calculated: C 34.75 %, H 2.74 % 0.238 g, 69 %
Found: C 34.56 %, H 2.71 %
X = [BArF4]' Calculated: C 55.89 %, H 2.96 % 0.251 g, 75 %
Fownd: C 55.89 %, H 2.89 %
Preparation of [(DPEphos)Rh(acetone)2][closo-CB/ iH6 Cl6]  (10)
A solution of [(DPEphos)Rh(nbd)][c/o5o-CBnH6Cl6] (13 mg 1.2 x 10'5 mol) in 
d6-acetone (0.5 cm3) was freeze thaw degassed and back-filled with hydrogen at 77 K. 
On warming to room temperature there was a colour change from orange to red. 
Crystals suitable for X-ray diffraction were obtained by diffusion of pentane into a 
solution of the complex (20 mg, 1.85 x 10'5 mol) in acetone. Yield, 16 mg, 85 %. 
Microanalysis: [(DPEphos)Rh(acetone)2][c/o5o-CB]iH6Cl6] requires 46.64 % C and
4.19 % H, found 46.36 % C and 4.27 % H.
ESI-MS (acetone) m/z 757.2 (exp.) 757.2 (M+ calc.), 699.1 (exp.) 699.1 (calc. M+ 
- CH 3COCH 3 ) and 641.1 (exp.) 641.1 (calc. M+ - 2 CH 3COCH 3 ).
XH NMR (5/ppm 400.1 MHz d6-acetone) 8.07 - 6.28 (m, 28H, ArH).
31P{1H} NMR (5/ppm 162.0 MHz d6-acetone) 41.8 [d, /(RhP) 209 Hz].
Preparation of[(DPEphos)Rh(closo-CBnHi2)] (11)
A solution of [(DPEphos)Rh(nbd)][c/o5o-CBnHi2] (13 mg, 1.2 x 10'5 mol) in CD2CI2 
(0.5 cm3) was freeze thaw degassed and back-filled with hydrogen at 77 K. On 
warming to room temperature there was a colour change from orange to dark red. 
Crystals suitable for X-ray diffraction were obtained by diffusion of pentane into a 
solution of the complex (20 mg, 1.85 x 10'5 mol) in dichloromethane. Yield, 10 mg, 
69 %. Microanalysis: [(DPEphos)Rh(c/<m>-CBi]H]2)] requires 56.65 % C and 5.14 
% H, found 56.33 % C and 5.19 % H.
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*H NMR (6/ppm 500.1 MHz CD2C12) 7.51 - 6.47 (m, 28H, ArH), 2.51 (br s, 1H, cage 
CH), 2.35-1.2 (br, 5H, cage BH), 0.02 (br, 5H, cage BH), -2.18 [br q, /(BH) -115 Hz, 
1H, cage BH]
^P^H } NMR (6/ppm 202.5 MHz CD2C12) 37.3 [d, /(RhP) 180 Hz].
11B{1H} NMR (6/ppm 160.5 MHz CD2C12) -10.2 (br s, antipodal B), -15.5 (br s, 
upper belt, 5B), -16.2 (br s, lower belt 5B).
Preparation of [(DPEphos)Rh(COCHzCH2 SMe)H][closo-CBnH6 Cl6]  (1 2 )
To a freshly prepared solution of [(DPEphos)Rh(acetone)2][c/o5o-CBnH6Cl6] (1.2 x 
10'5 mol) in d6-acetone (0.5 cm3) 3-(methylthio)propionaldehyde (2.4 pL,
2.4 x 10‘5 mol) was added. There was a colour change in the solution from red to 
yellow. The product was characterised in situ by NMR spectroscopy.
NMR (6/ppm 400.1 MHz d6-acetone 298 K) 8.27 - 6.15 (m, 28H ArH), 2.77 (br 
m, 2H, CH2), 2.46 (br m, 2H, CH2), 1.56 (br s, 3H, CH3S), -8.75 [br dt, /(RhH) 23 Hz, 
/(PH) -  1 Hz, 1H, RhH].
1H-1H COSY NMR (400.1 MHz d6-acetone 298 K selected) Correlation observed 
between hydride and CH3S.
31P{1H} NMR (6/ppm 162.0 MHz d6-acetone 298 K) 26.0 [d, /(RhP) 127 Hz].
^C ^H ) NMR (6/ppm 100.6 MHz (^-acetone 210 K selected) 223.2 [d, /(RhC) 34 
Hz, RhC=0], 160.3 (s, ArCO), 157.1 (s, ArCO), 137 - 118 (m, ArC), 42.7 (s, cage C).
NMR (6/ppm 400.1 MHz d6-acetone 180 K) 8.45 - 5.94 (m, 28H, ArH), 2.81 (br 
m, 2H, CH2), 2.65 (br m, 2H, CH2), 1.43 (s, 3H, SCH3), -8.62 [dt, /(RhH) 23 Hz, 
/(PH) -1 Hz, 1H, RhH].
31P{1H} NMR (6/ppm 162.0 MHz d6-acetone 180 K) ABX coupling pattern observed:
26.8 [dd, /(PP) 305 Hz, / (RhP) 125 Hz], 25.9 [dd, /(PP) 305 Hz, /(RhP) 125 Hz].
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Preparation of [(DPEphos)Rh(CO)(EtSMe)][closo-CBnH^Cl^] (13)
A solution of the compound [(DPEphos)Rh(COCH2CH2SMe)H][dosc>-CBnH6Cl6] in 
d6-acetone (0.5 cm3) was allowed to stand at room temperature for 1 week. The 
product was characterised in situ by NMR spectroscopy and ESI-MS.
ESI-MS (acetone) m/z 699.06 (exp.) 699.06 (calc. M+- CH3SCH2CH3).
'H  NMR (5/ppm 400.1 MHz d6-acetone 298 K) 7.71 - 6.96 (m, 28H, ArH), 2.66 [q, 
7(HH) 7 Hz, 2H, CH2], 2.19 (s, 3H, SCH3), 1.21 [t, 7(HH) 7 Hz, 3H, CH3],
^ P ^ H ] NMR (8/ppm 162.0 MHz d6-acetone 298 K) 18.5 (br s).
31P{1H) NMR (8/ppm 162.0 MHz ds-acetone 220 K) 20.7 [dd, 7(RhP) 150 Hz 7(PP) 
30 Hz], 15.9 [dd, 7(RhP) 125 Hz, 7(PP) 30 Hz],
X-ray quality crystals of 13 could not be obtained using the [closo-CB]iH(,C\eT anion. 
The analogous compound was prepared using the [closo-C Bw B^/ anion in acetone 
solution and layered with pentane to yield crystals suitable for X-ray diffraction 
studies. Yield, 12 mg, 60%. Microanalysis: [(DPEphos)Rh(CO)(EtSMe)][c/ojo- 
CBnH6l6] requires 29.95 % C and 2.57 % H. Found 30.31 % C and 2.78 % H.
Preparation of [(DPEphos)Rh(COC6H4 SMe)H][closo-CBuH6 Cl6]  (14)
To a freshly prepared solution of [(DPEphos)Rh(acetone)2] [closo-CB \ \ F^C^] 
(9.23 x 10'6 mol) in d6-acetone (0.5 cm3) 2-(methylthio)benzaldehyde (2.4 pL,
1.8 x 10'5 mol) was added. There was a colour change from red to yellow. X-ray 
quality crystals were obtained by a diffusion of pentane into a solution of the complex 
[(DPEphos)Rh(COC6H4SMe)H] [closo-CBi ]H6Br6] (31 mg, 2.22 x 10'5 mol) in 
fluorobenzene. Yield, 26 mg, 83 %. Microanalysis: [(DPEphos)Rh(COC6H4SMe)H] 
[closo-CBn U6Br6lC U 2C\2 requires 36.96 % C and 2.97 % H. Found 37.50% C and 
2.63 % H. ESI-MS (acetone) m/z 793.1 (exp.) 793.1 (M+ calc.)
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*H NMR (5/ppm 400.1 MHz CD2C12 298 K) 8.25 - 6.71 (m, 32H, ArH), 1.68 (br s, 
3H, CH3S), -8.26 [br d, /(RhH) 12 Hz, 1H, RhH].
31P{1H} NMR (5/ppm 162.0 MHz CD2C12 298 K) 27.2 [d, /(RhP) 126 Hz].
*H NMR (5/ppm 500.1 MHz d6-acetone 298 K) 8.20 - 7.07 (m, 32H, ArH), 1.88 [dd, 
/(HH) 1.7 Hz, /(RhH) 0.55 Hz, 3H CH3S], -8.24 [dtq, /(RhH) 25 Hz, /(PH) 5 Hz, 
/ (HH) 1.7 Hz, 1H, RhH].
1H-1H COSY NMR (500.1 MHz d6-acetone 298 K selected) Correlation observed 
between hydride and CH3S.
NMR (5/ppm 202.5 MHz d6-acetone 298 K) 26.6 [d, /(RhP) 126 Hz].
13C{!H} NMR (5/ppm 125.8 MHz c^-acetone 298 K) 212.1 [d, /(RhC) 32 Hz, 
RhC=0], 191.2 [vt, /(PC) 6 Hz, ArC-O], 143 - 117 (m, ArC), 41.4 (s, cage C), 19.5 
(s, C-S).
NMR (5/ppm 500.1 MHz d6-acetone 190 K) 8.45 - 6.53 (m, 32H ArH), 1.81 (br s, 
3H, CH3S), -8.06 [br d, /(RhH) 25 Hz, 1H, RhH].
31P{1H} NMR (5/ppm 202.5 MHz d6-acetone 190 K) ABX coupling pattern observed: 
26.7 [dd, /(PP) 300 Hz, /(RhP) 122 Hz], 25.7 [dd, /(PP) 300 Hz, /(RhP) 124 Hz].
Preparation of [(DPEphos)Rh(CO)(C6HsSMe)][closo-CBnH6 Cl(,] (15)
A solution of the compound [(DPEphos)Rh(COC6H4SMe)H][c/o«?-CBiiH6Cl6] in 
d6-acetone (0.5 cm3) was allowed to stand at room temperature for seven days over 
which time there was approximately 50 % conversion to the product of 
decarbonylation. The complex was characterised in situ by NMR spectroscopy and 
ESI-MS. ESI-MS (acetone) m/z 793.1 (exp.) 793.1 (calc. 
[(DPEphos)Rh(COC6H4SMe)H]+), 669.06 (exp.) 669.06 (calc. M+ - CH3SC6H5).
NMR (5/ppm 400.1 MHz c^-acetone) 8.20 - 7.07 (m, 33H, ArH), 2.47 (s, 3H, 
CH3S).
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31P{1H} NMR (8/ppm 162.0 MHz d6-acetone) -34.2 (br s).
Preparation of [(DPEphos)Rh(COCH2 CH2 SMe)H(MeCN)][closo-CBnH6 Cl6]  (16) 
0.96 pL (1.85 x 10'4 mol, 10 equivalents) of acetonitrile were added to a freshly 
prepared solution of [(DPEphos)Rh(COCH2CH2SMe)H][c/o5o-CB]iH6Cl6] in 
d6-acetone (0.5 cm3) to give [(DPEphos)Rh(COCH2CH2SMe)H(MeCN)][c/<95o- 
CBnH6Cl6] (in temperature dependant equilibrium with 
[(DPEphos)Rh(COCH2CH2SMe)H][c/o5<9-CBiiH6Cl6]). Crystals suitable for X-ray 
diffraction were obtained by diffusion of pentane into a solution of the complex in 
acetone. Yield, 2 mg, 10 %.
Microanalysis: [DPEphos)Rh(COCH2CH2SMe)H(MeCN)][dc>se>-CBnH6Cl6].C5Hi2
requires 47.70 % C and 4.75 % H. Found 47.50 % C and 4.40 % H.
"H NMR (8/ppm 400.1 MHz d,,-acetone 298 K) 8.16 - 6.03 (m, 28H, ArH), 2.92 (br 
m, 2H, CH2), 2.58 (br m, 2H, CH2), -16.40 (br t, 0.7H, RhH),* -16.50 (br, 0.3H, 
RhH).*
’’P ^H ] NMR (8/ppm 162.0 MHz de-acetone 298 K) 33.9 [d, /(RhP) 150 Hz],* 30.9 
[dd, /(RhP) 150 Hz, /(PP) 16 Hz],* 7.9 [d, /(RhP) 65 Hz],* 7.0 [dd, /(RhP) 65 Hz, 
/(PP) 16 Hz].*
'H  NMR (8/ppm 400.1 MHz de-acetone 200 K) 8.57 - 6.21 (m, 28H, ArH), -15.70 
[ddd, /(PH) 16.0 Hz, /(PH) 16.0 Hz, /(RhH) 6.0 Hz, 0.7H, RhH],* -15.91 [ddd, /(PH) 
16 Hz, /(PH) 16 Hz, /(RhH) 7.5 Hz, 0.3H, RhH].*
31P{'H] NMR (8/ppm 162.0 MHz de-acetone 200 K) 33.1 [dd, /(RhP) 153 Hz, /(PP) 
19 Hz],* 31.9 [dd, /(RhP) 148 Hz, /(PP) 19 Hz],* 7.4 [dd, /(RhP) 64.0 Hz, /(PP) 19 
Hz],* 6.57 [dd, /(RhP) 64.9 Hz, /(PP) 19 Hz].*
Indicates major isomer (70 %), indicates minor isomer (30 %).
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Preparation of [(DPEphos)Rh(COCtl^SMe)H(MeCN)][closo-CB7iHJSrd (17)
0.96 pL (1.85 x 10"4 mol, 10 equivalents) of acetonitrile were added to a freshly 
prepared solution of [(DPEphos)Rh(COC6H4SMe)H][c/<?s<?-CBnH6Cl6] in d6-acetone 
(0.5 cm3) to give [(DPEphos)Rh(COO,H4SMe)H(MeCN)][daso-CB]lH6Cl6] (in 
temperature dependent equilibrium with [(DPEphos)Rh(COC6H4SMe)H][c/os0 - 
CB] iH6Ci6]). The complex was characterised in situ by NMR spectroscopy.
*H NMR (5/ppm 400.1 MHz d6-acetone 298 K) 8.20 - 6.32 (m, 32H, ArH), -15.89 (br 
s, 1H, RhH).
31P{'H} NMR (8/ppm 162.0 MHz d6-acetone 298 K) 38.8 (br s), 33.5 (br s), 19.7 (br 
s), 7.0 (br s), 2.7 (br s).
‘H NMR (8/ppm 400.1 MHz ds-acetone 220 K) 8.07 (m, 32H, ArH), -15.57 [td, 
7(PH) 15 Hz, 7(RhH) 7.1 Hz, 0.5H, RhH],* -15.74 [td, 7(PH) 15 Hz, 7(RhH) 7.1 Hz, 
0.5H, RhH].*
’‘P l’HJ NMR (8/ppm 162.0 MHz d6-acetone 220 K) 35.9 [dd, 7(RhP) 157 Hz, 7(PP) 
21 Hz],* 33.8 [dd, 7(RhP) 150 Hz, 7(PP) 19 Hz],* 9.1 [dd, 7(RhP) 65 Hz, 7(PP) 21 
Hz],* 6.13 [dd, J(RhP) 66 Hz, 7(PP) 19 Hz] *
* Isomer 1 (50%), * isomer 2 (50%).
Preparation of
[(DPEphos)Rh(COCH2CH2SMe)H(MeSCH2CH2CHO)][closo-CB11H6Cl6](18)
4.5 pL (4.615 x 10'5 mol, 5 equivalents) of 3-(methylthio)propionaldehyde were 
added to a freshly prepared solution of [(DPEphos)Rh(acetone)2][c/o5o-CBnH6Cl6] in 
d6-acetone (0.5 cm3) to give [(DPEphos)Rh(COCH2CH2SMe)H(MeSCH2CH2CHO)] 
[closo-CB i lP ^C y .
(298 K NMR data is the same as that observed for compound 12 at 298 K as the two 
compounds are in equilibrium at this temperature.)
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*H NMR (5/ppm 400.1 MHz d6-acetone 220 K selected) 9.45 (s, CHO, 1H), 9.02 
-6.08 (m, 28H, ArH), 2.80 (br m, 2H, CH2), 2.65 (br m, 2H, CH2), -13.1 (br m, 1H, 
RhH).
N.B. hydride resonances cannot be resolved as the signals for the two isomers 
overlap.
31P{1H} NMR (5/ppm 162.0 MHz d6-acetone 220 K) 31.2 [dd, /(RhP) 148 Hz, /(PP) 
17 Hz],1 30.9 [dd, /(RhP) 149 Hz, /(PP) 18 Hz],* 2.8 [dd, /(RhP) 62 Hz, /(PP) 18 
Hz],* 1.0 [dd, /(RhP) 61Hz /(PP) 17 Hz].*
* Indicates first isomer (50 %), * indicates second isomer (50 %).
[(DPEphos)Rh(COCH2CH2SMe)(CH2CH2C02CH3)][closo-CB11H6Cl6](19)
To a solution of [(DPEphos)Rh(COCH2CH2SMe)H][c/o5o-CBnH6Cl6] 
(9.23 x 10'6 mol) in d6-acetone (0.5 cm3), methyl acrylate (3.69 x 10'5 mol, 3.3 pL, 4 
equivalents) was added. The solution was immediately cooled to 200 K and the 
resulting complex was characterised in situ by NMR spectroscopy.
NMR (5/ppm 400.1 MHz d6-acetone 200 K selected) 8.55 - 6.65 (m, ArH)
N.B. Further assignment of the *H NMR was not possible due to the mixture of 
isomers and the remainder of compound 12 in solution.
31P{‘H} NMR (8/ppm 162.0 MHZ ds-acetone 200 K) 26.4 [dd, /(RhP) 168 Hz, /(PP) 
29 Hz],* 22.7 [dd, /(RhP) 170 Hz, /(PP) 31.4 Hz],* 7.6 [dd, /(RhP) 73 Hz, /(PP) 31 
Hz],* 2.8 [dd, /(RhP) 63 Hz, /(PP) 18 Hz],* 1.8 [dd, /(RhP) 77 Hz, /(PP) 29 Hz],* 1.1 
[dd, /(RhP) 61 Hz, /(PP) 18 Hz].*
Indicates first isomer (50 %), * indicates second isomer (30 %), * indicates third 
isomer (20 %).
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[(DPEphos)Rh(COC6H4SMe)(CH2CH2CO2CH3)][closo-CB11H6Cl6] ( 2 0 )
To a solution of [(DPEphos)Rh(COC6H4SMe)H][do50-CBiiH6Cl6] (9.23 x 10'6 mol) 
in d6-acetone (0.5 cm3), methyl acrylate (3.69 x 10"5 mol, 3.3 pL, 4 equivalents) was 
added. The solution was immediately cooled to 220 K and the resulting complex 
characterised in situ by NMR spectroscopy and ESI-MS.
ESI-MS (acetone) m/z 879.2 (exp) 879.1 (M+ calc). ESI-MSMS of peak 879.0 m/z 
(acetone) m/z 793.1 (exp) 793.1 (M+ - CH2CHC02CH3 calc.).
'H  NMR (5/ppm 500.1 MHz de-acetone 220 K) 8.92 - 6.50 (m, ArH)
N.B. Further assignment of the 'H NMR was not possible due to the mixture of 
isomers and the remainder of compound 14 in solution.
31P{‘H} NMR (8/ppm 202.5 MHz d6-acetone 220 K) 28.3 [dd, /(RhP) 172 Hz, /(PP) 
30 Hz],* 24.4 [dd, /(RhP) 174 Hz, /(PP) 32 Hz],* 9.2 [dd, /(RhP) 79 Hz, /(PP) 26 
Hz],* 8.2 [dd, /(RhP) 75 Hz, /(PP) 32 Hz],* 3.4 [dd, /(RhP) 77 Hz, /(PP) 28 Hz],* 2.9 
[dd, /(RhP) 67 Hz, /(PP) 26 Hz].*
Indicates first isomer (50 %), * indicates second isomer (30 %), * indicates third 
isomer (20 %).
[(DPEphos)Rh(MeSC2 H4 COC2 H4 C0 2 CH3)][closo-CB1 1H6 Cl6] ( 2 1 )
To 9.23 x 10'6 mol [(DPEphos)Rh(COCH2CH2SM e)H][cW -CBiiH6Cl6] in 
dg-acetone (0.5 cm ), methyl acrylate (3.32 pL, 4 equivalents) was added. The 
solution was left for 1 hr at 40 °C to allow the hydroacylation reaction to occur. The 
resulting complex was characterised in situ by NMR spectroscopy and ESI-MS. 
ESI-MS (acetone) m/z 831.13 (exp) 831.13 (M+ calc). ESI-MSMS of the peak at
831.0 m/z (acetone) m/z 641.1 (exp) 641.1 (M+ - MeSC2H4C0C2H4C 02CH3 calc).
NMR (6/ppm 400.1 MHz d6-acetone 298 K) 7.83 - 6.67 (m, 28H, ArH), 3.61 (s, 
3H, OMe), 3.1- 2.3 (m, CH2 region).
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31P{1H} NMR (5/ppm 162.0 MHz d6-acetone 298 K) 42.9 (br s), 30.4 (br s).
31P{1H} NMR (5/ppm 162.0 MHz d6-acetone 220 K) 44.6 [dd, /(RhP) 153 Hz, /(PP) 
28 Hz], 21.2 [dd, /(RhP) 129 Hz, /(PP) 28 Hz].
[(.DPEphos)Rh(MeSC6H4 COC2H4 C0 2 CH3)][closo-CB1 1H 6 Cl6] ( 2 2 )
To 9.23 x 10'6 mol [(DPEphos)Rh(COC6H4SMe)H][c/oso-CBnH6Cl6] in d6-acetone 
(0.5 cm3), methyl acrylate (3.32 pL, 4 equivalents) were added. The solution was left 
for 1 hr at 40 °C to allow the hydroacylation reaction to occur. The resulting complex 
was characterised in situ by NMR spectroscopy and ESI-MS.
ESI-MS (acetone) m/z 879.2 (exp) 879.1 (M+ calc). ESI-MSMS of the peak at 879.0 
m/z (acetone) m/z 641.1 (exp) 641.1 (M+ - MeSC6H4COC2H4CC>2CH3 calc).
NMR (5/ppm 500.1 MHz d6-acetone 298 K) 8.21 - 7.07 (m, 32H, ArH), 3.62 (s, 
3H, OMe), 3.29 [t, / (HH) 6.3 Hz, 2H, CH2], 2.69 [t, /(HH) 6.3 Hz, 2H, CH2], 2.39 (s, 
3H, SCH3).
31P{1H} NMR (5/ppm 162.0 MHz d6-acetone 298 K) 18.5 [d, /(RhP) 109 Hz].
NMR (5/ppm 500.1 MHz d6-acetone 200 K) 8.55 - 6.54 (m, 32H, ArH), 3.64 (br, 
3H, OMe both isomers overlapping), 3.36 (br t, 2H, CH2)*, 2.90 (br, 2H, CH2)*, 2.65 
(br t, 2H, CH2)*, 2.36 (br s, 3H, SCH3).
31P{1H} NMR (5/ppm 202.5 MHZ d6-acetone 200 K) 34.7 [dd, /(RhP) 150 Hz, /(PP) 
23 Hz],* 23.2 [dd, /(RhP) 104 Hz, /(PP) 23 Hz],1 19.3 [dd, /(PP) 427 Hz, /(RhP) 111 
Hz],* 18.0 [dd, /(PP) 427 Hz, /(RhP) 111 Hz].*
* Indicates cis isomer, * indicates trans isomer with ABX coupling pattern observed.
Preparation of [(DPPE)Rh(nbd)][X] (23) where X  = [ B A r ^ o r  [closo-CBjjH^Br^]
Cs[closo-CBi iH6Br6] (0.140 g, 1.86 x 10’4 mol) or Na[BArF4] (0.165 g,
1.86 x 10‘4 mol) was added to a solution of [Rh(nbd)Cl]2 (0.043 g, 9.32 x 10’5 mol) in
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CH2CI2. The mixture was stirred for ca. 1 hour. DPPE (0.074 g, 1.86 x 10‘4 mol) in 
CH2CI2 was added slowly to the yellow solution. The mixture was filtered and 
pentane was added to the filtrate. The mixture was stored at -18 °C overnight to give 
the product as orange crystals. Yield, 0.104 g, 46 %. Microanalysis: 
[(DPPE)Rh(NBD)][c/ow-CBi iH6Br6] requires 33.75 % C and 3.17 % H. Found 
33.50 % C and 3.24 % H.
NMR (5/ppm 300.2 MHz d6-acetone) 7.84 - 7.11 (m, 20H, ArH), 5.49 (m, 4H, 
nbd), 4.26 (s, 2H, nbd), 2.57 (m, 4H, ethane bridge), 1.82 (s, 2H, nbd).
^P^H } NMR (5/ppm 121.5 MHz d6-acetone) 57.2 [d, /(RhP) 157 Hz].
Preparation of[(DPPE)Rh(acetone)2][closo-CBuH6Br6] (24)
A solution of [(DPPE)Rh(nbd)][c/o5o-CBnH6Br6] (7.4 x 10'6 mol) in d6-acetone 
(0.5 cm3) was freeze thaw degassed, back-filled with hydrogen at 77 K and allowed to 
warm to room temperature. The product was characterised in situ by NMR 
spectroscopy.
NMR (5/ppm 400.1 MHz d6-acetone) 8.31 - 6.58 (m, 20H, ArH), 2.35 (m, 4H, 
ethane bridge).
31P{jH} NMR (5/ppm 162.0 MHz d6-acetone) 79.1 [d, /(RhP) 201 Hz].
Preparation of [(DPPE)Rh(COCH2 CH2 SMe)H][closo-CBI1H6Br6] (25)
To a solution of [(DPPE)Rh(acetone)2][c/o5o-CBnH6Br6] (1.2 x 10'5 mol) in 
d6-acetone (0.5 cm3) 3-(methylthio)propionaldehyde (2.4 pL, 2.4 x 10'5 mol) was 
added. The resulting solution was characterised by in situ by NMR spectroscopy and 
found to contain a mixture of products. The data for the acyl-hydride intermediate 
observed in the solution is reported below.
245
NMR (8/ppm 400.1 MHz d6-acetone) 8.30-6.82 (m, ArH), 2.8-2.2 (CH2 region), 
1.29 (s,SCH3), -12.9 (br s, RhH).
31P{1H} NMR (5/ppm 400.1 MHz (^-acetone) 57.9 [d, /(RhP) 135 Hz] 38.7 [d, 
/(RhP) 70 Hz].
Preparation o f [(DPPE)Rh(COC^H4SMe)H][closo-CBj[H^Br^] (26)
To a solution of [(DPPE)Rh(acetone)2][c/os<?-CB]iH6Br6] (9.23 x 10'6 mol) in 
d6-acetone (0.5 cm ), 2-(methylthio)benzaldehyde (1.2 pL, 9.23 x 10' mol) was 
added. A mixture of products was formed however the hydride and MeS could be 
assigned in the !H NMR spectrum.
*H NMR (8/ppm 400.1 MHz d6-acetonc) 8.47 - 6.51 (m, ArH), 1.69 (br d, SCH3), 
-10.5 [td, /(PH) 17 Hz, /(RhH) 8.0 Hz, RhH].
Decarbonylation studies (DPEphos and DPPE ligand Rh complexes o f aldehydes 3- 
(methylthio)propionaldehyde and 2 -(methylthio)benzaldehyde.
9.23 x 10'6 mol catalyst was dissolved in d6-acetone (0.25 cm3). The solution was 
freeze thaw degassed and back-filled with H2 at 77 K. The solution was allowed to 
warm to room temperature to react, the excess H2 was removed by a further freeze 
thaw degas cycle and the flask was back-filled with argon. 1 equivalent of the 
appropriate aldehyde (0.92 pL for 3-(methylthio)propionaldehyde and 1.2 pL for
2-(methylthio)benzaldehyde) was added. The !H and 31P{1H} NMR spectra were 
taken immediately after addition and then after 2, 4, (also 8 for DPPE complexes) and 
24 hours and then every day for 7 days.
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Preparation of [(PSP)Rh(nbd)][X] (27) (where X  = [closo-CBuH6 CUT,
[closo-CBnHfrBrtJ, [closo-CBuHJsf or [BArv4J)
A Schlenk tube was charged with [Rh(nbd)Cl]2 (0.050 g, 1.08 x 10‘4 mol) and 
S{(C6H4)PPh2 }2 (0.120 g, 2.17 x 10'4 mol). Methanol (5 cm3) was added and the 
mixture was stirred until all of the solid had dissolved (ca. 30 mins). To the yellow 
solution a Ag, Cs or Na salt of the required anion (2.17 x 10'4 mol) was added. After 
stirring for an hour a yellow/orange precipitate had formed. The methanol was 
removed in vacuo and the residue was partially dissolved in CH2CI2. The mixture 
was filtered and pentane was added to the filtrate. The mixture was stored at -18 °C 
overnight to give the product as orange crystals. Yield, 0.224 g, 75 %. 
Microanalysis: [(PSP)Rh(nbd)][dos<?-CBiiH6Br6] requires 38.69 % C, 3.10 % H, 
found 38.65 % C, 3.14% H.
]H NMR (8/ppm 400.1 MHz d6-acetone 298 K) 8.50 - 6.93 (m, 28H, ArH), 3.89 (m, 
4H, nbd), 2.96 (m, 2H, nbd), 1.18 (m, 2H, nbd).
^P^H } NMR (8/ppm 162.0 MHz d6-acetone 298 K) 55.5 [d, /(RhP) 125 Hz],
*H NMR (8/ppm 400.1 MHz d6-acetone 200 K) 8.75 - 6.73 (m, 28H, ArH), 4.09 (br, 
4H, nbd), 2.79 (m, 2H, nbd), 1.11 (m, 2H, nbd).
31P('H ) NMR (8/ppm 162.0 MHz d6-acetone 200 K) 57.5 [d, /(RhP) 125 Hz], 
Preparation o f [(PCP)Rh(nbd)][closo-CBuH^Brf,] (28)
A  Schlenk tube was charged with [Rh(nbd)Cl]2 (0.043 g, 9.32 x 10'5 mol) and 
CH2{(C6H4)PPh2 }2 (0.100 g, 1.86 x 10'4 mol). Methanol (5 cm3) was added and the 
mixture was stirred until all of the solid had dissolved (ca. 30 mins). To the yellow 
solution, Cs[c/os0 -CBiiH6Br6] (0.140g 1.86 x 10'4 mol) was added. After stirring for 
an hour a yellow/orange precipitate had formed. The methanol was removed in vacuo 
and the residue was partially dissolved in CH2CI2. The mixture was filtered and
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pentane was added to the filtrate. The mixture was stored at -18 °C overnight to give 
the product as yellow crystals. Yield, 0.115 g, 46 %.
Microanalysis: [(PCP)Rh(nbd)][c/os0-CBnH6Br6].2CH2Cl2 requires 37.18 % C and
3.19 % H, found 37.85 % C and 3.16 % H.
NMR (6/ppm 300.1 MHz CD2C12) 7.65 - 6.75 (m, 28H ArH), 6.24 [dt, /(HH) 15 
Hz, /(PH) 3.9 Hz, 1H, endo CHof CH2 of PCP], 4.51 (s, 2H, nbd), 4.43 (s, 2H, nbd), 
4.33 [d, /(HH) 15 Hz, 1H, exo CH of CH2 of PCP], 3.95 (s, 1H, nbd), 3.89 (s, 1H, 
nbd), 1.64 (s, 2H, nbd).
^P ^ H J NMR (6/ppm 121.5 MHz CD2C12) 23.0 [d, /(RhP) 166 Hz].
Preparation o f [(PCP)Rh (acetone)2][closo-CBy iH6Br6]  (29)
A solution of [(PCP)Rh(nbd)][c/os<?-CBnH6Br6] (lOmg, 7.4 x 10'6mol) in d6-acetone 
(0.5 cm3) was freeze thaw degassed and back-filled with hydrogen at 77 K. On 
warming to room temperature there was a colour change from orange to red. The 
product was characterised in situ by NMR spectroscopy.
1H NMR (6/ppm 400.1 MHz d6-acetone) 8.31 - 6.58 (m, ArH).
31P{1H} NMR (6/ppm 162.0 MHz d6-acetone) 41.5 [d, /(RhP) 202 Hz].
Preparation of [POP ’Rh ( n b d ) ] [ BA] (30)
A solution of [Ph2P(CH2)2]20 in ether (0.62 ml, 2.17 x 10'4 mol) in CH2CI2 (5 cm3) 
was added dropwise over 30 min to [Rh(nbd)Cl]2 (0.050 g, 1.09 x 10'4 mol) in CH2CI2 
(5 cm3). Na[BArF4] (0.192 g, 2.17 x 10'4 mol) was added, and the mixture stirred for 1 
hour. The mixture was filtered, and pentane was added to the filtrate. The mixture was 
stored at -18 °C overnight to give an orange powder. This powder was recrystallised 
by diffusion of pentane into a solution of 30 in CH2CI2 at -18 °C overnight to give 
[Rh(nbd)POP’][BArF4] as orange crystals. Yield, 0.251 g, 77 %. Microanalysis:
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[POP’Rh(nbd)][BArF4].CH2C12 requires C 49.6 %, H 31.4 %, found C 49.78 %, H
3.03 %.
NMR (5/ppm 300.2 MHz CD2C12) 7.86 - 7.33 (m, 32H, ArH), 4.30 (s, 4H, 
HC=CH, nbd), 3.82 (s, 2H, CH, nbd), 3.65 (m, 4H, 0-CH2), 2.42 (m, 4H, CH2-P),
1.48 (s, 2H, CH2, nbd).
31P{1H} NMR (5/ppm 121.5 MHz CD2C12) 18.7 [d, /(RhP) 156 Hz].
Preparation of [POP’RhH2 (L)][BArF4]  (31) with L =  acetone (major*) or water 
(minor*)
A solution of [POP’Rh(nbd)][BArF4] (0.013 g, 8.53 x 10'6 mol) in d6-acetone 
(0.5 cm ) was freeze thaw degassed and back-filled with hydrogen at 77 K. On 
warming to room temperature there was a colour change from orange to light yellow. 
The product was characterized in situ by NMR spectroscopy and ESI-MS.
ESI-MS (acetone) m/z 547.1 (exp.) 547.1 (M+ - acetone or water calc.), 545.1 (exp.)
545.1 (M+ - acetone or water and 2H).
*H NMR (8/ppm 500.1 MHz d6-acetone 298 K) 7.92 - 6.90 (m, 32H, ArH), 4.24 (m, 
4H, 0-CH2), 3.18 (m, 4H, CH2-P), -19.97 (s, 2H, RhH).
’’P^H ] NMR (8/ppm 202.5 MHz de-acetone 298 K) 48.6 [d, /(RhP) 119 Hz],
*H NMR (8/ppm 500.1 MHz d6-acetone 220 K) 7.93 - 7.49 (m, 32H, ArH), 4.36 (m, 
4H, 0-CH2), 4.19 (m, 4H, CH2-P), -18.87 (br m, RhH)*, -19.24 [dtd, /(RhH) 28 Hz, 
/(PH) 15 Hz, /(HH) 10.5, RhH],* -20.24 [dtd, /(RhH) 28 Hz, /(PH) 13 Hz, /(HH) 11 
Hz, RhH],* -21.34 (br m, RhH).*
31P{1H] NMR (8/ppm 202.5 MHz de-acetone 220 K) 48.0 [d, /(RhP) 120 Hz],* 45.4 
[d, /(RhP) 122 Hz].*
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‘H NMR (6/ppm 400.1 MHz CD2C12 298 K) 7.99 - 6.42 (m, 32H, ArH), 3.91 (m, 4H, 
0-CH2), 3.00 (m, 4H, CH2-P), -19.16 [dt, J(RhH) 33 Hz, /(PH) 13 Hz, RhH],
31P NMR (8/ppm 162.0 MHz CD2C12 298 K) 44.1 [d, J(RhP) 119 Hz],
*H NMR (8/ppm 400.1 MHz CD2C12 220 K) 7.92 - 6.67 (m, 32H, ArH), 3.82 (m, 4H, 
0-CH2), 2.97 (m, 4H, CH2-P), -18.89 [dt, J(RhH) 32 Hz, /(PH) 12 Hz, RhH],* -19.09 
(br m, RhH)*, -21.51(br m, RhH)*.
31P NMR (8/ppm 162.0 MHz CD2C12 220 K) 46.0 [d, /(RhP) 122 Hz],* 44.8 [d, 
/(RhP) 119 Hz].*
* Indicates 5-coordinate species with no ligand L, 31i.
Preparation of [POP’RhH2h[BArt 4 ] 2  (32)
20 mg [Rh(nbd)POP’][BArF4] was dissolved in acetone and the resulting solution 
was freeze thaw degassed, and back-filled with H2 at 77 K. On warming the solution 
to room temperature the solvent was removed under vacuum, before redissolving the 
solid in CH2C12 and layering with pentane. Crystals suitable for X-ray diffraction 
were obtained.
Preparation of [POP>Rh(L)][BArF4]  (33) where L  = methyl acrylate
To a solution of [POP’RhH2(L)][BArF4] (6.66 x 10'6 mol) in d6-acetone (0.5 cm3), 
methyl acrylate (1.2 pL, 1.3 x 10'5 mol) was added. The complex was characterised 
in situ by NMR spectroscopy and ESI-MS.
ESI-MS (acetone) m/z 631.1 (exp.) 631.1 (M+ calc.). ESI-MSMS(631) (acetone) m/z
545.1 (exp.) 545.1 (M+ - CH2CHC02CH3 calc.).
NMR (8/ppm 500.1 MHz d6-acetone) 8.00 - 6.98 (m, 20H, ArH), 4.49 - 3.80 (m, 
4H, OCH2), 3.59 (s, bound acrylate OMe), 3.39 - 3.18 (m, 4H, PCH2), 3.04 - 2.62 (br 
m, bound acrylate, H2C=CH).
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Also observed: 6.29, 6.11 and 5.84 (all br m, free acrylate, H2C=CH), 3.69 (br s, free 
acrylate OMe).
31P{‘H) NMR (6/ppm 202.5 MHz d6-acetone) 38.3 [d, J(RhP) 127 Hz],
Preparation oflPO P’RhfCOCHiCHiSCH^HUBA/j (34)
To a solution of [POP’Rh(L)][BArF4] (6.66 x 10'6 mol) in d6-acetone (0.5 cm3),
3-(methylthio)propionaldehyde (2.64 pL, 2.66 x 10'5 mol) was added. The conversion 
to 34 was followed by NMR spectroscopy and an intermediate with cis phosphines 
was observed before the trans phosphine final product was formed. Crystals of 34 
suitable for X-ray diffraction studies were obtained by diffusion of pentane into a 
solution of the complex in CH2CI2. Yield, 7 mg, 35 %.
ESI-MS (acetone) m/z 649.09 (exp.) 649.09 (calc. M+).
Cis intermediate
NMR (6/ppm 400.1 MHz d6-acetone selected) -8.25 [ddd, / ( P transH) 154 Hz, 
/ ( PcisH) 18 Hz, /(RhH) 19 Hz].
31P NMR (6/ppm 162.0 MHz d6-acetone) 36.4 [dd, /(RhP), 155 Hz, /(PP) 18 Hz],
11.6 [dd, /(RhP) 94 Hz, /(PP) 18 Hz].
Final product
NMR (6/ppm 400.1 MHz CD2C12 298 K) 8.18 - 7.38 (m, 32H, ArH), 4.02 (m, 2H, 
CH2), 2.93 (m, 6H, CH2), 2.38 (br m, 2H, CH2), 1.80 [d, /(HH) 1.8 Hz, 3H, SCH3], 
1.68 (br m, 2H, CH2), -9.57 [br d, /(RhH) 24 Hz, 1H, RhH].
31P{1H} NMR (6/ppm 162.0 MHz CD2C12 298 K) 31.0 (br s).
NMR (6/ppm 400.1 MHz d6-acetone 298 K) 8.34 - 7.54 (m, 32H, ArH), 4.23 (m, 
2H, CH2), 3.26 - 3.11 (m, 6H, CH2), 2.43 (br m, 2H, CH2), 1.97 [d, /(HH) 1.8 Hz, 3H, 
SCH3], 1.82 (br m, 2H, CH2), -9.61 [br d, /(RhH) 24 Hz, 1H, RhH].
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1H-1H COSY NMR (500.1 MHz d6-acetone 298 K selected) Correlation observed 
between SCH3 and hydride.
"P ^ H }  NMR (5/ppm 162.0 MHz d6-acetone 298 K) 31.1 (br s).
31P{1H} NMR (5/ppm 162.0 MHz d6-acetone 285 K) ABX coupling pattern observed:
32.3 (br s), 29.3 (br s).
31P{1H} NMR (5/ppm 162.0 MHz d6-acetone 250 K) ABX coupling pattern observed:
33.7 [dd, /(PP) 302 Hz, /(RhP) 124 Hz], 27.6 [dd, ./(PP) 302 Hz, /(RhP) 128 Hz].
Preparation o f [POP’Rh(COC6H4SCH3)H ][B A /4]  (35)
To a solution of [POP’Rh(L)][BArF4] (9.23 x 10'6 mol) in d6-acetone (0.5 cm3), 
2-(methylthio)benzaldehyde (2.38 pL, 1.85 x 10'5 mol) was added. The complex was 
characterised in situ by NMR spectroscopy.
1H NMR (5/ppm 500.1 MHz d6-acetone 298 K) 8.36 - 7.14 (m, 36H, ArH), 4.32 (m, 
2H, CH2), 3.41 - 3.20 (m, 6 H, CH2), 2.16 [br dd, /(HH) 1.9 Hz, /(RhH) 0.4 Hz, 3H, 
SCH3], -9.04 [dtq, /(RhH) 26 Hz, /(PH) 3.7 Hz, /(HH) 1.9 Hz, 1H, RhH].
1H-1H COSY NMR (500.1 MHz d6 -acetone 298 K selected) Correlation observed 
between SCH 3 and hydride.
-'‘Pi'H} NMR (8 /ppm 162.0 MHz d6-acetone 298 K) 32.5 [d, /(RhP) 125 Hz],
31P{'H) NMR (8 /ppm 162.0 MHz d6-acetone 270 K) 32.4 (br s).
3 IP{'H) NMR (8/ppm 162.0 MHz d6-acetone 250 K) ABX coupling pattern observed:
35.0 (br s), 30.0 (br s).
31P{1H} NMR (5/ppm 162.0 MHz d6-acetone 230 K) ABX coupling pattern observed:
36.0 [dd, /(PP) 302 Hz, /(RhP) 127 Hz], 29.1 [dd, /(PP) 302 Hz, /(RhP) 127 Hz].
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Preparation o f [PCP’Rh(nbd)][BAf 4] (36)
[Ph2P(CH2)2]2C (0.096 g , 2.17 x 10'4 mol) in CH2C12 (5 cm3) was added dropwise 
over 30 min to [Rh(nbd)Cl]2 (0.050 g, 1.09 x 10’4 mol) in CH2C12 (5 cm3). Na[BArF4] 
(0.192 g, 2.17 x 10'4 mol) was added, and the mixture was stirred for 1 h. The mixture 
was filtered, and pentane was added to the filtrate. The mixture was stored at -18 °C 
overnight to give an orange powder. This powder was recrystallised from diffusion of 
pentane into a solution of 36 in CH2C12 at -18 °C overnight to give 
[Rh(nbd)POP’][BArF4] as orange crystals. Yield, 0.219 g, 67 %. Microanalysis: 
[PCP’Rh(nbd)][BArF4].(CH2Cl2)o.5 requires 53.38 % C, 3.34 % H, found 53.55 % C, 
3.42 % H.
NMR (5/ppm 300.2 MHz CD2C12) 7.73 - 7.31 (m, 32H, ArH), 4.43 (m, 4H, nbd), 
3.88 (m, 2H, nbd), 2.42 (m, 4H, CH2), 2.31 (m, 2H, CH2), 1.85 (m, 4H, CH2), 1.51 (s, 
2H, nbd).
"P ^H J NMR (5/ppm 121.5 MHz CD2C12) 15.3 [d, /(RhP) 152 Hz].
Preparation of [PCP ’Rh (acetone)2][BA rF 4] (37)
A solution of [PCP’Rh(nbd)][BArF4] (6.67 x 10‘6 mol) in ds-acetone (0.5 cm3) was 
freeze thaw degassed and back-filled with hydrogen at 77 K. On warming to room 
temperature there was a colour change from orange to red. The complex was 
characterised in situ by NMR spectroscopy.
lH NMR (5/ppm 400.1 MHz d6-acetone) 7.78 - 7.34 (m, 32H, ArH), 2.96 (m, 2H, 
CH2), 2.46 (m, 4H, CH2), 1.86 (m, 4H, CH2).
31P{1H} NMR (5/ppm 162.0 MHz d6-acetone) 36.5 [d, /(RhP) 197 Hz].
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Preparation of [PCP ’Rh (COC6H4SCH3 jHJ/BAr14]  (38)
To a solution of [PCP’Rh(acetone)2][BArF4] (6.67 x 10'6 mol) in d6-acetone (0.5 cm3), 
0.86 pL (6.67 x 10'6 mol) 2-(methylthio)benzaldehyde was added. The complex was 
characterised in situ by NMR spectroscopy and ESI-MS.
ESI-MS (acetone) m/z 695.6 (exp.) 695.6 (M+ calc.).
*H NMR (6/ppm 500.1 MHz d6-acetone 298 K) 8.24 - 7.17 (m, 36H, ArH), 2.10 (br s, 
3H, SCH3), -5.06 (br m, 0.5H, RhH), -8.00 [d, /(RhH) 25.1 Hz, 0.5H, RhH].
31P{1H} NMR (6 /ppm 202.5 MHz d6-acetone 298 K) 37.3 [d, /(RhP) 126].
31P{1H} NMR (6/ppm 202.5 MHz c^-acetone 270 K) 38.5 (br s).
31P{1H} NMR (6/ppm 202.5 MHz d6-acetone 250 K) 40.4 (br m), 35.8 (br m).
31P{1H) NMR (6/ppm 202.5 MHz d6-acetone 220 K) 41.5 [dd, /(PP) 280 Hz, /(RhP)
124 Hz], 35.6 [dd, /(PP) 280 Hz, /(RhP) 130 Hz].
Following Hydroacylation Reactions by Gas Chromatography
Catalyst precursor, [Rh(nbd)L]X where L = POP or DPPE and X= anion, 
(6.13 x 10' mol) was added to a J. Young’s ampule and dissolved in acetone (1 cm ). 
The solution was freeze thaw degassed, back-filled with H2 at 77 K and warmed to 
room temperature. The excess hydrogen was then removed by a further freeze-thaw- 
degas cycle and the flask was back-filled with argon. 10 pL dodecane was added as a 
standard. 20 equivalents of 3-(methylthio)propionaldehyde (12.2 pL) and 40 
equivalents of methyl acrylate (22 pL) were then added and the solution was heated to 
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Number 2 a 2 c 3 4
Empirical
formula
C43 H41 B 11 
C16 F Ir P2
C37.75 H39.50 
B 11 C11.50 16 Ir P2
C l06.75 H80.75 B 
C12.50 F24 Ir2 P4
C70 H48 B C12 
F24 Ir P2
Formula weight 1162.51 1680.82 2427.18 1680.93
Crystal size 0 . 2 0  x 0 . 1 0  x 0.05 mm
0 .2 5 x 0 .1 8 x 0 .1 0
mm
0 .3 8 x 0 .2 0 x 0 .1 3
mm





Crystal system Monoclinic Triclinic Triclinic Triclinic
Space group C 2/c P 1 P 1 P - l
Unit cell 
dimensions
a = 35.046(4) A 












b = 16.9620(2) A 
3 = 79.1740(4) °
b = 18.4280(2) A 
3=81.9270(10)
b =  14.2460(1) A 
3 = 99.1182(4)°.
c = 23.823(3) A 
y = 90°
c = 20.4250(2) A 
y = 88.9060(4) °
c = 22.3510(2) A 
7  = 80.16°
c = 17.5082(1) A 
7 = 100.7170(4)°.
Volume 10774(2) A3 5061.02(8) A3 5281.51(8) A3 3411.50(4) A3
Z 8 4 2 2
Density
(calculated) 1.433 Mg/m3 2.206 Mg/m3 1.526 Mg/m3 1.636 Mg/m3
Absorption
coefficient 2.869 mm" 1 6.469 mm' 1 2.729 mm' 1 2.190 mm"*
F(000) 4576 3086 2398 1660
T 150(2) K 150(2) K 150(2) K 150(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A 0.71073 A
Theta range for 
data collection 3.05 to 23.21 ° 5.26 to 28.72 ° 4.44 to 30.08 ° 4.09 to 35.04°
Reflections
collected 26916 95782 92810 96150
Data / restraints 
/ parameters 6821 / 0 /3 7 3 2 5 9 3 7 /8 /  1131
3 0 5 0 4 /5 /1 3 8 4 2 9 8 6 4 /1 2 /1 0 4 6
Goodness-of-fit 
on F2 1.076 1.037 1.049 1 . 0 1 2




R1 = 0.0372, 
wR2 = 0.0869
R1 = 0.0449, 
wR2 = 0.1197





-1.144 e. A "3
1.913 and 
-2.531 e. A '3
2.158 and 
-1.958 e. A '3
1.567 and 







Number 5c 6 c 7
Empirical formula C25 H40B11 Br6  IrP2 C17H 30B11 16 Ir P2 C47 H52B11 Br6  C13 Ir P2
Formula weight 1193.08 1368.86 1575.75
Crystal size 0.30 x 0.25 x 0.13 mm 0.70 x 0.50 x 0.40 mm 0.38 x 0.13 x 0.08 mm
Crystal colour 
habit Red Yellow Yellow
Crystal system Monoclinic monoclinic triclinic
Space group P 2]/n P 2,/c P I
Unit cell 
dimensions
a = 15.1860(2) A 
a = 9 0 °
a = 13.7370(2) A 
a = 9 0 °
a = 11.8700(2) A 
a =88.8900(10)°
b =  13.91500(10) A 
p = 97.6460(10)°
b =  15.3900(2) A 
P= 105.9520(10)°
b =  13.3290(2) A 
P= 85.4820(10)°
c =  18.5490(2) A 
y = 90°
c =  17.5500(3) A 
7  = 90°
c =  18.2960(3) A 
7  = 88.5370(10)°
Volume 3884.80(7) A 3 3567.41(9) A 3 2884.33(8) A3
Z 4 4 2
Density
(calculated) 2.040 Mg/m3 2.549 Mg/m3 1.814 Mg/m3
Absorption
coefficient 9.710 mm' 1 9.036 mm" 1 6.698 mm' 1
F(000) 2248 2448 1514
T 150(2) K 150(2) K 150(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Theta range for 
data collection 5.25 to 30.05 0 2.91 to 30.49° 3.47 to 27.52 °
Reflections
collected 65678 30251 49627
Data / restraints / 
parameters 1 1 2 7 7 /0 /4 1 0 1 0 7 3 6 /0 /3 4 6 1 3 1 7 0 /6 /6 6 1
Goodness-of-fit 
on F2 1.023 1.133 1.063
Final R indices 
[I>2a(I)]




R1 = 0.0568, 
wR2 = 0.1365
Largest diff. peak 
and hole
2.156 and 
-2.689 e. A ’3
1.935 and 
-1.699 e. A '3
5.371 and 
-2.979 e. A '3
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Number 9 1 0 1 1
Empirical
formula
C45 H44B11 Br6  C12 0  
P2 Rh
C44.50 H50B11 C16 
03.50 P2 Rh
C37 H40B11 O P2R h
Formula weight 1434.92 1137.31 784.45
Crystal size 0 .48x0 .30  x 0.10 mm 0.30 x 0.20 x 0.20 mm 0.33 x 0.18 x 0.10 mm
Crystal colour 
habit Orange Red Red
Crystal system monoclinic Triclinic Monoclinic
Space group P 2 ,/c P-l P 21/n
Unit cell 
dimensions
a = 3.2820(2) A 
a = 90°
a = 13.6680(1) A 
a = 2.892(1)°
a =  11.8182(1) A 
a = 90°
b = 31.7250(4) A 
P= 117.2680(10)°
b = 13.7350(1) A 
P = 106.750(1)°
b =  17.1845(1) A 
P= 101.8360(4)°
c =  14.2160(2) A 
y = 90 0
c =  17.8600(1) A 
y =  116.759(1)°
c =  18.9902(1) A 
y = 90 °
Volume 5324.54(13) A3 2802.37(3) A3 3774.72(4) A3
Z 4 2 4
Density
(calculated) 1.790 Mg/m3 1.348 Mg/m3 1.380 Mg/m3
Absorption
coefficient 5.019 mm' 1 0 . 6 8 6  mm’ 1 0.569 mm' 1
F(000) 2784 1154 1600
T 150(2) K 150(2) K 150(2) K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Theta range for 
data collection 3.03 to 28.67 0 3.53 to 28.48 ° 5.10 to 33.14°
Reflections
collected 54812 54438 98362
Data / restraints 
/ parameters 1 2 4 9 2 /0 /6 2 3 1 4 0 1 5 /3 8 /6 5 8 1 4 3 2 4 /0 /4 7 8
Goodness-of-fit 
on F2 1.050 1.031 1.016
Final R indices 
[I>2g(I)]
R1 = 0.0553, 
wR2 = 0.1333

















Number 13 14 16
Empirical
formula
C45.50 H51 B 11 16 03.50  
P2 Rh S
C63 H57B11 Br6  F3 0 2  
P2 Rh S
C46 H50.56 B l l  C16.43 
N 0 3  P2 Rh S
Formula
weight 1731.08 1698.37 1208.70
Crystal size 0.33 x 0.20 x 0.10 mm 0.35 x 0.20 x 0.10 mm 0.28 x 0.23 x 0.10 mm
Crystal colour 
habit Yellow Yellow Yellow
Crystal
system triclinic Monoclinic Monoclinic
Space group P 1 P 2 1 /c C 2/c
Unit cell 
dimensions
a = 14.05900(10) A 
a = 115.16°
a = 14.1224(2) A 
a = 90°
a = 35.0750(3) A 
a = 9 0 °
b = 20.4420(2) A 
p = 98.97 °
b = 32.9909(3) A 
P = 95.8867(5) °
b = 11.32200(10) A 
P= 110.2550(10)°
c = 23.5490(2) A 
y = 94.28 °
c = 14.4927(2) A 
y = 90 °
c = 32.2250(3) A 
y = 90 °
Volume 5975.27(9) A3 6716.70(15) A3 12005.80(19) A3
Z 4 4 8
Density
(calculated) 1.924 Mg/m3 1.680 Mg/m3 1.337 Mg/m3
Absorption
coefficient 3.512 mm' 1 3.954 mm' 1 0.694 mm' 1
F(000) 3264 3336 4907
T 150(2) K 150(2) K 150(2) K




3.52 to 28.69 ° 4.17 to 27.47° 3.49 to 26.32 °
Reflections




2 9 8 6 6 /0 /  1263 1 5 0 1 3 /3 4 /8 1 7 11997/ 12 /839
Goodness-of- 





















Number 27 30 32
Empirical
formula
C44 H41.88 B 11 C16.13 
P2 Rh S
C6 8  H50 B C12 F24 O P2 
Rh
C127.8 H90.5 B2 F49.3 
0 2  P4 Rh2
Formula
weight 1103.60 1585.64 2946.12





system Orthorhombic Monoclinic Monoclinic
Space group P b c a P 21/n C 2/c
Unit cell 
dimensions
a = 20.369(5) A 
a  = 90.000(5) °
a = 17.9668(1) A 
a  = 90°
a = 26.8950(3) A 
a  = 9 0 °
b =  18.843(5) A 
P = 90.000(5) °
b =  19.2017(2) A 
P = 95.3864(4) °
b =  18.1316(2) A 
p =  90.2475(4) °
c =  25.313(5) A 
y =  90.000(5) °
c =  19.1916(2) A
y =  90 0
c =  25.8660(3) A 
y  =  90 °
Volume 9715(4) A3 6591.73(10) A3 12613.4(2) A3
Z 8 4 4
Density
(calculated) 1.509 Mg/m3 1.598 Mg/m3 1.562 Mg/m3
Absorption
coefficient 0.832 mm' 1
0.501 mm’ 1 0.437 mm' 1
F(000) 4448 3184 5915.2
T 150(2) K 150(2) K 150(2) K




3.49 to 33.12° 4.08 to 30.03 0 4.08 to 27.46 °
Reflections




1 8 4 2 5 /0 /5 9 6 19 1 6 6 /1 2 3 / 1151 1 4 2 1 6 /1 0 4 /9 7 8
Goodness-of- 
fit on F2 1.041 1.023 1.024
Final R 
indices 
[ I > 2 g (I)]
R1 =0.0306, 
wR2 =  0.0746
R1 =0.0311, 
wR2 =  0.0692
















formula C64 H48 B F24 0 2  P2 Rh S









Space group P 21/n P 21/n
Unit cell 
dimensions
a = 18.7068(1) A 
a = 9 0 °
a = 18.1250(1) A 
a = 9 0 °
b =  12.8436(1) A 
(3 = 95.3777(2) °
b =  19.1436(1) A 
p = 95.1111(3) °
c = 26.7507(2) A 
y = 90° c =  19.3217(1) A7 = 90°
Volume 6398.90(8) A3 6677.54(6) A3
Z 4 4
Density
(calculated) 1.570 Mg/m3 1.563 Mg/m3
Absorption
coefficient 0.464 mm"1 0.483 mm'1
F(000) 3040 3160
T 150(2) K 150(2) K










2 2 1 8 6 /9 0 /1 0 2 4 2 4 2 2 2 /7 2 / 1071
Goodness-of- 









peak and hole 0.834 and -0.519 e.A"3 0.851 and -0.975 e. A'3
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7.3 Appendix 3 - Publications
A Second Generation Catalyst for Intermolecular Hydroacylation of Alkenes and 
Alkynes Using p-S-Substituted Aldehydes: The Role of a Hemilabile P-O-P Ligand. 
Moxham, G. L., Randell-Sly, H. E., Brayshaw, S. K., Woodward, R. L., Weller, A. S., 
Willis, M. C., Angew. Chem. Int. Ed., 2006, 45, 7618
The Role of Halogenated Carborane Monoanions in Olefin Hydrogenation Catalysed 
by Cationic Iridium Phosphine Complexes.
Moxham, G. L., Douglas, T. M., Brayshaw, S. K., Kociock-Kohn, G., Lowe, J. P., 
Weller, A. S., Dalton Trans., 2006, 5492
[Ir(PPh3)2(H)2(ClCH2CH2Cl)][BArF4]: A Well Characterised Transition Metal 
Dichloroethane Complex.




DOI: 10.1002/an ie .200603133
A Second-Generation Catalyst for Intermolecular 
Hydroacylation of Alkenes and Alkynes Using 
P-S-Substituted Aldehydes: The Role of a 
Hemilabile P-O-P Ligand**
Gemma L. Moxham, Helen E. Randell-Sly, 
Simon K. Brayshaw, Robert L. Woodward, 
Andrew S. Weller, * and Michael C. Willis*
Hydroacylation reactions of alkenes and alkynes catalyzed by 
transition metals are examples of the growing number of 
transformations which form carbon-carbon bonds based on 
C—H-bond activation.111 In particular, hydroacylation reac­
tions offer an atom-economic entry to a variety of ketone- 
containing products.12-31 Although intramolecular reactions 
that afford cyclopentanones are well established,141 access to 
larger ring systems151 and intermolecular reactions remain a 
considerable challenge.161 We recently described a intermo­
lecular rhodium-catalyzed reaction based on the use of (3-S- 
substituted aldehydes.171 Although this method had advan­
tages over previous protocols, in that the use of alkyl 
aldehydes under mild reaction conditions (55-65 °C) is 
permitted, several limitations remained. Paramount among 
these were the need to use electron-poor alkenes to achieve 
good reactivity (Scheme 1) and the use of [Rh(dppe)- 
(acetone)2]C104l4al as the catalyst. Although this catalyst 
performs relatively well in intermolecular reactions, the need 
to generate it immediately before use from the hydrogenation 
of [Rh(dppe)(nbd)]C104 (nbd = norbornadiene) considerably 
detracts from its utility.181 We document herein the develop­
ment of a highly active hydroacylation catalyst that can be
Scheme i. In te rm o le c u la r  h y d roacy la tion . d p p e  =  1 ,2 -b is (d ip h e n y lp h o s- 
p h an y l)e th a n e .
[*] G . L. M oxham , H . E. Randell-Sly, Dr. S. K. B rayshaw , 
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generated using commercial components without recourse to 
hydrogenation. In addition, we provide a structural study 
accounting for the enhanced reactivity of our new system, 
including the characterization of a rare acyl-rhodium hydride 
intermediate.
To achieve successful metal-catalyzed hydroacylation 
reactions, the intermediate acyl-metal species must be 
stabilized. Although the p-S-substituents on S-substituted 
aldehydes perform this function well with activated com­
pounds,,9) the system fails with less reactive substrates such as 
unfunctionalized alkenes; in these cases decarbonylation of 
the putative five-coordinate acyl hydride intermediate and 
catalyst decomposition results (I—>11, Scheme 2). We rea­







T  r■ ' S O
Ph’ H Me
III hydroacylation
T a b l e  1:  C ata ly st in v e stig a tio n .1*1
MeS O O
^  catalyst (5 mol %)
1
MeSI
OMe acetone. 55 °C
OMe
Entry C ata lyst Conv. [%]lc| t
1 [R h (d p p e )(n b d )]C I0 4 100|b| 90  m in
2 [R h (x an tp h o s)(n b d )]C l04 0 48 h
3 [R h (dpephos) (n b d )]C l0 4 100 60 m in
4 [Rh (3) (nbd)]CIO„ 0 48 h
5 [Rh (4) (nbd)]ClO „ 0 48 h
6 [R h (d p ep h o s)(n b d )]P F 6 100 4 h
7 [Rh (d p ep h o s) [nbd)]BA rF4 100 75 m in
8 [R h (dpephos) (nbd)]C B n H 6Cl6 100 30 m in
9 [Rh (d p ep h o s) (nbd)]C B n H6Br6 100 45 m in
10|di [{Rh(cod)C l}2] /d p e p h o s /A g (C B „ H 6Cl6) 100 45 m in
11 w [{Rh(cod)C l}2] /d p e p h o s /A g (C l0 4) 100 90 m in
[a] C o n d itio n s : a ldehyde (1.0 equ iv ), m ethyl acry late  (2.0 equiv), ca ta ly s t 
(5 m o l% ), a c e to n e , 55 °C. T he ca ta ly s t w as g en e ra ted  by ad d itio n  o f  H2 
(1 a tm , 5 m in , a c e to n e ) , ex c ep t for e n tries  10 and  11, for s tru c tu re s  o f  th e  
ligands te s te d , s e e  F igure 1. [b] P ro d u c t o b ta in ed  as a 4:1 m ix tu re o f  
linear an d  b ran ch e d  reg io iso m ers . Exclusive fo rm a tio n  o f  th e  linear 
iso m e r w as o b serv ed  fo r all o th e r  e n trie s , [c] D e te rm in ed  by ’H NMR 
spec tro sco p y , [d] C atalyst g e n e ra te d  from  th e  s im p le  co m b in a tio n  o f  th e  










S c h e m e  2 . In te rm ed ia te  ca tio n ic  rh o d iu m  species .
coordinative stabilization to the acyl-metal intermediate 
should deliver a more robust system, and speculated that 
incorporation of a hemilabile[101 substitutent on the ligand 
would provide extra stabilization to the cationic rhodium 
center while still allowing the necessary latent-vacant coor­
dination site for the reaction to proceed (IV, Scheme 2). 
Related arguments have been used to account for the higher 
turnover numbers that have been observed when excess 
alkene was employed.1" 1 In our system, the use of additional 
alkene provided no benefit.
To explore this idea, we studied the union of the thioether- 
substituted aldehyde 1 and methyl acrylate, and employed a 
variety of catalysts (Table 1). The reaction using the standard 
catalyst [Rh(dppe)(acetone)2]C104 takes 90 minutes (entry 1, 
Table 1). Replacing dppe with the rigid P-O-P ligand xant- 
phos (Figure 1) resulted in complete loss of reactivity. 
However, by using the more flexible variant, dpephos, 
complete conversion was achieved in only 60 minutes 
(entries 2 and 3, Table 1). The analogous thio- and methyl­
ene-bridged versions of dpephos (ligands 3 and 4) failed to 
generate active catalysts (entries 4 and 5, Table 1).
Me Me
xantphos dpephos
F i g u r e  i .  L igands te s te d  in Table 1
In an attempt to further increase the catalyst activity, we 
explored the use of alternative counterions. A screening of 
possible anion combinations showed that the weakly coordi­
nating carborane anions (CBUH6X6)“ (X = Cl, Br)1121 gave the 
best turnovers, with reaction completion in only 30 and 
45 minutes respectively, while use of (BArF4)~, (C104)“ and 
(PFfi)“ gave no advantage (entries 6-9, Table 1). Monitoring 
the reactions by GC demonstrated that the relative rates 
showed the same variation on changing the anion. The rate 
enhancement for reactions catalyzed by cationic transition- 
metal centers partnered with weakly coordinating anions such 
as monoanionic carboranes is now well established,1'31 and 
arises from a combination of the availability of reactive 
vacant sites and the stabilization of the active catalyst by the 
anion. At this stage, the active catalysts were being generated 
by hydrogenation of the [Rh(nbd)(phosphine)](anion) pre­
cursors, and, although we had identified several highly 
reactive systems, we still considered the need to activate 
with hydrogen gas a practical limitation. The use of the 
chelating aldehyde 1 now proved to be a real advantage, as 
simply combining [JRh(cod)Cl}2] (cod = cycloocta-l,5-diene), 
dpephos, and Ag(CB,,H6Cl6) generated an active catalyst that 
achieved complete conversion in only 45 minutes (entry 10, 
Table 1). A catalyst incorporating the (C104)“ counterion 
could be generated in a similar way, and 100 % conversion was 
reached in 90 minutes (entry 11, Table 1)J141 Using the ligand
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dpephos provides an additional advantage, in that the 
reactions with methyl acrylate were now completely selective 
for the linear regioisomer; use of the original dppe-derived 
catalyst resulted in a 4:1 mixture of linear and branched 
isomers.*73*
As we could generate a highly active catalyst without the 
need for hydrogen activation, we briefly evaluated the scope 
of the reactions promoted by these systems. From a practical 
standpoint, we elected to use the catalyst featuring the 
perchlorate anion as opposed to the more expensive carbor- 
ane systems, even though use of the latter gave the best rates. 
Table 2 demonstrates that a catalyst generated from 
[{Rh(cod)Cl}2], dpephos, and Ag(C104) is effective at pro­
moting the union of a variety of aldehyde, alkene, and alkyne 
components. In all cases, the efficiency of the reactions 
matches or surpasses that achieved previously. Of particular 
note are the reactions employing octene (entries 4, 8 and 12, 
Table 1); the products from these reactions were either 
inaccessible or only available in low yield*151 using the original 
catalyst system.
Encouraged by the fact that use of dpephos resulted in the 
best catalytic performance, we looked in more detail at the 
catalytic cycle. The active catalyst species [Rh(dpephos)- 
(OCMe2)2]CBuH6Cl6 (A , Scheme 3) was generated by hydro­
genation of [Rh(dpephos)(nbd)]CBnH6Cl6 in acetone. The 
solid-state structure of A (Figure 2) shows a square-planar 
Rh1 motif, with no close Rh—O interactions from the P-O-P 
ligand (0(3)-Rh 3.562(2) A). The NMR spectroscopic data of 
a solution of the complex are in full accord with this structure. 
Addition of one equivalent of aldehyde 1 to catalyst A 
immediately generates a complex which was identified by 
spectroscopic methods as the acyl hydride 
[Rh(dpephos)(H)(MeSCH2CH2CO)]CB,1H6Cl6 (B). The 
room-temperature 'H NMR spectrum shows a broadened 
hydride signal at d = —8.75 ppm as a doublet of triplets 
(/(RhH) = 23 Hz, /(PH )w lH z) and a doublet in the 
^'PI'HJNMR spectrum, suggesting a fluxional process that 
renders the phosphine atoms equiva­
lent. On cooling (-93 °C), the 
3IP{'H} NMR spectrum displays 
tightly coupled AB systems that show 
trans PP coupling, at d = 26.8,
25.9 ppm (/(RhP) — 125 Hz, /(PP) =
303Hz), while the 'HNMR spectrum 
reveals a single hydride resonance at 
d = -8.62 ppm that shows cis coupling 
to phosphorus. On the basis of this 
data, we assign the structure at low- 
temperature to be B, in which the 
dpephos coordinates mer with the 
metal, possibly with a coordinated 
oxygen atom. Complexes containing 
frara-spanning dpephos with a coordi­
nated oxygen are known.*16* We assign 
the hydride as being opposite to the 
sulfur, as it is unlikely to reside oppo­
site to the highly mms-influencing acyl 
ligand. The relatively large /(RhH) coupling constant (23 Hz) 
is consistent with this. The fluxional processes at room
T a b l e  2 :  In te rm o lecu la r hydroacy lation  u s in g  th e  new  ca ta ly st s y s te m .1
Entry A ldehyde A lkene /
alkyne
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[a] C o n d itio n s : a ldehyde (1.0 equiv), alkene, o r  alkyne (2.0 equ iv ), 
[{Rh(cod)Cl}2] (2.5 m o l% ), d p e p h o s  (5 m o l% ), Ag(ClO„) (5 m o l% ), 





A (X-ray) E (X-ray)
F L = NCMe (X-ray) 
G: L = aldehyde (1)
S c h e m e  3. P roposed  m e ch an ism  fo r th e  hydroacy lation  reac tion . C o m p o u n d  s tru c tu re s  con firm ed  
by X-ray ana lysis  a re  ind ica ted .
temperature could possibly proceed via a five-coordinate 
intermediate with either the oxygen or sulfur atoms not
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F i g u r e  z  S o lid -s ta te  s tru c tu re s  o f  A and  F. S elected  bond  d is ta n c e s  [A] 
and  an g les  [°J: A R h -O ( i)  2 .154(2), R h -0 (2 )  2 .126(4), R h -0 (3 )  
3 .562(1), R h -P ( l)  2 .202 (5 ), R h-P (2) 2 .198(1), P (l)-R h-P (2) 96 .23(2); F 
R h-C (41) 2 .039(4) R h -P ( l)  2 .508(1), R h-P (2) 2 .305(1), R h -S (l)  
2 .372(1). R h -0 (2 )  4 .271 (1 ), P (l)-R h-P (2) 100.37(3).
bound, although we favor the former because of the isolation 
of complex F  (described below). Complex B is stable to 
decarbonylation in solution at room temperature for an 
appreciable time (tm = 24 h), although after three days 
smooth conversion of B into the decarbonylated product E 
is observed, and attempts to recrystallize B also led to the 
decarbonylated product E  (see the Supporting Information 
for the solid-state structure).
Support for the facile decoordination of the oxygen atom 
in the dpephos ligand comes from addition of a slight excess 
of aldehyde 1 or acetonitrile to B which results in the instant 
formation of [Rh(dpephos)(L)(H)(MeSCH2CH2CO)]- 
CB,,H6C16 F (L = MeCN) or G  (L = l ) ,  in which the oxygen 
atom is no longer bound. The solid-state structure of F 
(Figure 2) confirms the acyl-hydride motif, with the aceto­
nitrile ligand tram to the (located) hydride ligand. The strong 
tram influence of the acyl ligand is clearly demonstrated in 
the two Rh-P bond lengths that differ by 0.2 A. NMR data 
suggest two isomers in solution. Given that in the 
3IP{'H} NMR spectrum there is a large difference in the 
/(RhP) coupling constants for the two inequivalent phos- 
phines (that is: 150 and 65 Hz), this suggests that the acyl 
ligand lies tram to a phosphine, and therefore we assign 
structures to these isomers in which either the hydride and 
ligand (L), or the sulfur and L have swapped places.
Compound F is a model for the putative alkene adduct C 
in the hydroacylation cycle (Scheme 3). Moreover, B and F 
can enter directly into the catalytic cycle, as addition of alkene 
immediately results in catalytic turnover. Acyl-hydridorho- 
dium complexes resulting from the addition of simple 
aldehydes are rare1'71 as they generally suffer from decarbon­
ylation,1181 and as far as we are aware B and F represent true 
examples (rather than model systems) of such species, which 
are also competent in the catalytic hydroacylation of useful 
substrates.*191 Such complexes have often been suggested but 
not experimentally observed. Presumably the dpephos ligand 
temporarily blocks a vacant site on B necessary for decarbon- 
ylation*17d’18* but it is able to move aside to allow the 
coordination of substrate, whereas in F the acetonitrile fulfils 
this role.
Support for this hypothesis comes from varying the ligand 
set to change the coordinating properties of the ligand. Use of 
ligand 3, in which the thioether would be expected to bind 
strongly, results in the complex, [Rh(3)(nbd)]CBnH6Clft (H , 













S c h e m e  4 . A dditional co m p lex es  eva lua ted  as  hydroacy lation  ca ta ly s ts .
(S) =  a c e to n e  so lven t.
resulting 18-electron complex does not react with H2 (see the 
Supporting Information for the X-ray structure). Conversely, 
the methylene-bridged ligand 4, which can provide no addi­
tional stabilization, can be used to form [Rh(4)- 
(acetone)2]CB,,H6Cl6 (I, Scheme 4), but on addition of 
aldehyde 1, very rapid (5 min) decomposition results and we 
observe no acyl hydride intermediate. Finally, [Rh(dppe)- 
(acetone)2]CBnH6Cl6 reacts with 1 to form an acyl hydride 
intermediate that decomposes within one hour to afford a 
mixture of products—one of which we have identified as the 
product of decarbonylation, [Rh(dppe)(CO)(SMeEt)]- 
CB„H6C16.
In conclusion, we have reported a new, more efficient 
catalyst for intermolecular hydroacylation reactions of 
alkenes and alkynes employing p-S-substituted aldehydes. 
The catalyst can be generated from the simple combination of 
Rh1 salt, counterion, and ligand, and hydrogenation is 
unnecessary. The catalyst so formed allows previously 
unreactive substrates to participate in efficient coupling 
processes. Mechanistic studies have established the interme­
diacy of a key acyl-hydridorhodium species, and have also 
demonstrated that a hemilabile*10* oxygen atom of the P-O-P 
ligand is responsible for the increased stability of the active 
catalyst. Application of this catalyst-stabilization/activation 
concept to alternative processes is underway and will be 
reported in due course.
Experimental Section
Representative procedure using the catalyst generated from  
[{Rh(cod)Cl}2], dpephos, and A g(C 104) to prepare ketone 2 
(Table 2, entry 1): A cetone (1.5 m L) was added under argon to 
[{Rh(cod)Cl}2] (3.7 mg, 0.0075 m m ol) followed by silver perchlorate 
(3.1 mg, 0.015 m m ol). The resulting mixture was stirred at room  
temperature for 10 min. A fter this time dpephos (8 mg, 0.015 mm ol) 
was added and the mixture was stirred for a further 15 min. 
Subsequently 3-(m ethylthio)propiona!dehyde (1, 30 pL, 0.3 mm ol) 
was added, im m ediately follow ed by m ethyl acrylate (54 pL,
0.6 mmol). The resulting solution was heated and stirred at 55 °C 
for 90 min. The solution was then cooled to room temperature, 
concentrated in vacuo, and purified by flash chromatography (4:1 
H exane/E tO A c) giving 2 as a colorless oil (42 mg, 74% yield); 
'H NM R (300 M Hz, CDC13): d = 3.68 (3 H, s), 2.71-2.81 (6H , m), 2.61 
(2H  t, 7 =  6.3 H z), 2.11 ppm (3 H , s); UC N M R  (101 M Hz, CDC13):
Angew. Chem. Int. Ed. 2006, 45, 7618-7622 ©  2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 7 6 2 1
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6 =  207.1, 173.2, 51.9, 42.5, 37.3, 27.9, 27.7, 15.79 ppm. The data was 
consistent to those reported in the literature.1731
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Iridium hydridophosphine complexes of general formula [Ir(PR,)2H2(anion)] (PR, = PPh3, PMe2Ph; 
anion =  [l-c/o^u-CBnH6Cl6]“, [I-c/oso-CBuH J a]- , [BArH4]- ) have been prepared by hydrogenation of 
cyclooctadiene precursor complexes. Solid-state structures of selected examples of these complexes 
reveal intimate contacts between the carborane anion and cation, with the anion binding through two 
lower-hemisphere halogen ligands. In CD2C12 solution the very weakly coordinating anions 
[l-c7o5o-CBnH6Cl6]~ and [BArH4]" are suggested to favour the formation of solvent complexes such as 
[Ir(PR,)2H2(solvent)„][anion], while the [I-c/cwo-CBuH Ja]- anion forms a tightly bound complex with 
the cationic iridium fragment. Calculated AGJ values for anion reorganisation in r/8-toluene reflect this 
difference in interaction between the anions and cation. With the bulky anion [l-c7cwo-CBMMe5I6]- 
different complexes are formed: Ir(PPh3)H2(l-67<m»-HCBnMe5I6) and
[(PPh,)3lr(H2)H2][]-c7o.w-HCB||Me5I6] which have been characterised spectroscopically. Diffusion 
measurements in CD2C12 are also consistent with larger, solvent coordinated, complexes for the more 
weakly coordinating anions and a tighter interaction between anion and cation for [1-c7o.w-CBmH6I6]“.
All the complexes show some ion-paring in solution. Comparison with data previously reported for the 
[l-c/a«>-CBnH6Br<.]- anion shows that this anion—as expected—fits between [l-67asoCBnH6Cl6]" and 
[1-c7o5«-CB]|H6I6]“ in terms of coordinating ability. Although not coordinating, the large 
[l-c7o.w-CBi|H6Cl6]_ and [BArh4]- anions do provide some stabilisation towards the metal centre, as 
decomposition to the hydride bridged dimer [Ir2(PPh,)4H5]+ is retarded. This is in contrast to the [PF6]~ 
salt where decomposition is immediate. As expected, complexes with the smaller phosphine PMe2Ph 
form tighter interactions with the carborane anions. These observations on the interaction between 
anion and cation in solution are reflected in benchmark hydrogenation studies that show a significant 
attenuation in rate of hydrogenation of cyclohexane on using the [I-c/o.vo-CBhHJ,,]- anion or 
complexes with the PMe2Ph phosphine. We also comment on the reusability of the catalysts and their 
tolerance to water and oxygen impurities. Overall the catalyst with the [l-c76>.w-CB,|H6Br6]“ anion 
shows the best combination of rate of hydrogenation, reusability and tolerance to impurities.
Introduction
The influence of the anion in catalysis mediated by cationic 
transition metals is now well-established. Anions can modulate 
catalyst performance by providing vacant or weakly stabilised sites 
on transition metal centres, and the concept of weakly—or least— 
coordinating anions has become an accepted concept.12 For the 
early transition metals, as often used in olefin polymerization, 
anions based around perfluorinated aryl borates are common 
and many systematic studies have been reported which address 
the strength of the metal-anion interaction and the influence 
this has on catalyst activity and lifetime. The tighter the ion- 
pair the slower the catalytic turnover, although the corollary is 
that the catalyst is less prone to decomposition.3,4 Such insight 
is available because well-defined catalyst ion pairs, such as (rf- 
C5H5)2ZrCHj{|x-H,CB(C6F5),}, can be synthesised and charac-
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terised by solution (NMR) and solid-state (X-ray crystallography) 
techniques, and then used directly in polymerisation reactions for 
which extensive data on rate and polymer morphology can be 
determined.3,5 For later transition metals, anion effects in catalysis 
are also established, and examples where the choice of anion 
can influence rate, and even product enantioselectivity, have been 
documented.6 In particular Diels-Alder and7-9 hydrogenation'0"13 
reactions have been studied.
As well as crystallographic and kinetic studies, the relationship 
between cation and anion can be probed by diffusion NMR 
studies.14 Such experiments give information of the magnitude of 
ion-pairing in solution by measuring the diffusion coefficient, D. 
Use of the Stokes-Einstein equation in turn leads to hydrodynamic 
radii and thus molecular volumes and degrees of aggregation. 
Pregosin,9,14-19 Macchioni20 and others18,21 have all used this 
technique, often in conjunction with NOE/HOESY studies, to 
give essential information on both the strength of the ion-pair 
interaction and also the spatial orientation of the anion in 
solution relative to the cation. With the commonly used subset 
of anions the degree of ion pairing generally increases in the
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order [BArF4]- < [SbF6]- < [PF6]- ^  [BF4]_ < [OTf|- for a 
given cationic fragment, in solvents such as CH2C12—a solvent 
which is often used in hydrogenation and Diels-Alder chemistry 
{[BArF4 =  [B(C6H3(CF3)2)4]- }. More coordinating solvents, such 
as THF, generally attenuate this ordering as the solvent becomes 
more coordinating than the anion. This ordering also follows the 
observed catalytic rates in many late transition metal systems (e.g. 
Diels-Alder8,9 and olefin hydrogenation13 reactions) and provides 
a compelling argument for the observed counterion effects: that 
reduced ion-paring provides a metal centre that is more available 
for interaction with substrate.
Although this analysis is very useful, the ion-pairing may not 
be the only reason for attenuation of catalyst activity. Catalyst 
lifetime, potentially related to anion decomposition, must also be 
considered. For example is it well established that [PF6]~ can un­
dergo metal-mediated hydrolysis to form complexes with [02PF2]- 
anions, which are relatively good ligands and render the metal 
coordinatively saturated.22 Systematic studies11,13 on the anions 
in hydrogenation systems based upon Crabtree’s original cationic 
iridium catalyst,23,24 later refined by Pfaltz and others to give enan- 
tioselective systems, have shown that [BArF4]~ salts significantly 
outperform [PF6]~ salts in the hydrogenation of tri- and tetra- 
subsituted olefins using iridium-phosphinooxazoline (PHOX) 
complexes, based upon cationic [Ir(PHOX)(cod)]+ precursors.25 
This is especially so when water is added, presumably a result 
of [PF6]“ hydrolysis to form inactive products. In the absence of 
water, under rigorously dry conditions, [PF6]_ salts are respectable 
catalysts, but still slower than [BArF4]~. This further suggests that 
[PFfi]~ inhibits access to the metal centre by alkene, especially at 
low alkene concentrations, leading to the formation of inactive 
hydride bridged complexes (Scheme I),11-13-17 a consequence of the 
hydrogenation pathway becoming less dominant compared to the 
deactivation pathway at low alkene concentration.
A problem with the study of anion effects in hydrogenation 
chemistry using [L2M(diene)][anion] precursors is that the active
catalyst is generated by addition of H2 to form intermediates 
that are generally unstable in the absence of olefin or a strongly 
coordinating solvent (such as acetonitrile). This means that the 
actual catalyst in these reactions is difficult to study. For example, 
addition of H2 to [lr(PPh3)2(cod)][PF6] results in the formation 
of the hydride-bridged dimer, [Ir2H2(p-H)3(PPh3)4][PF6],26 while 
addition of H2 to [Ir(PHOX)(cod)][PF6] results in the formation 
of the trimer [Ir3(p3-H)H6(PHOX)][PF6]2 (Scheme I).17 At low 
olefin concentration in hydrogenation reactions these products 
also form.13,17 Although the identification and study of such 
complexes is important in resolving the fate of the catalyst on 
decomposition, because the structures of these complexes do not 
match the proposed catalytic species in solution it is difficult to 
extrapolate data obtained to catalytic solutions.
Weakly coordinating halogenated carborane anions 
(Scheme 2),27 as developed by Reed2,28 and others29 show 
exceptional stability to strong Lewis and Bronsted acids as shown 
by their ability to form the strongest acids known when partnered 
with a proton,30,31 and to stabilise highly reactive main-group 
cations such as silylium32,33 and carbenium species.34,35 A further 
attractive property is the ability to tune the anion’s coordinating 
characteristics. Ranking scales31,36 show that anions surrounded 
by chlorines, such as [l-67<m>-CB,|Fl6C]6]~ are significantly less
X = Cl, Br, I
[1-c/oso-CB11H12]' [1 -c/oso-CB, 3 H6Xg] [ 1 -c/oso-HC B ^  ^  Me^lg]
Scheme 2 B-H h y d ro g en  a to m s  n o t  sh o w n .
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Scheme 3
coordinating than their iodo-congeners, [1-c7ojo-CBmH6Ia]', 
a consequence of relative electronegativies and polarisabilties 
of the halogens. We have recently reported a cationic iridium 
complex partnered with the weakly coordinating carborane anion 
[\-closo-CBu H„Br„] , 1 r H: (PPh,): (1 -closo-CB,, H „ Br„). which
represents a complex that is an active hydrogenation catalyst and 
has a weakly coordinating anion bound to the metal centre.12 In 
this complex the anion can move away from the metal centre (in 
the presence of excess olefin) to reveal a reactive metal centre, but 
return at low olefin concentrations to stabilise the metal centre 
against deactivation and the formation of the hydride bridged 
dimers and trimers (Scheme 3). Effectively the anion “releases” 
the metal fragment for catalysis and “catches” it again at the end 
of the reaction.
We now report a more extensive study using a range of 
halogenated carborane anions partnered with {IrlPR^H;}* 
fragments in which the steric and electronic properties of the 
anion and the phosphine are varied. Their solid-state and solution 
(dynamic NMR and diffusion experiments) structures, and their 
performance in a benchmark hydrogenation reaction are reported. 
We also report a comparison with [PF,.] and [BAr14] salts, and 
comment on the catalyst reusability and tolerance to water or air as 
a function of anion. These complexes present a unique opportunity 
to study counterion effects in hydrogenation reactions mediated 
by cationic iridium complexes as they are the actual catalytically 
active species and not precursor or decomposition products.
Results
Addition of H; to the precursor complexes [lr(PR,):(cod)][Y] af­
fords complexes of the general formula [Ir( PR,): H;( Y)] (Scheme 4) 
{PR; = PPh„ PMe:Ph; Y = [1-c/aw-CB,,H6X,.] (X = Cl. Br,
I), [BArF4]_, [PF6] }. These are directly analogous to complexes
first reported by Crabtree et a/., such as [lr(PR,);H:L;][PF(1] (L = 
acetone, H;0, MeCN).24 For some of these with particularly 
weakly coordinating anions, solvent cooidinated complexes are 
suggested, instead of an intimate ion pair. We first report solution 
studies (including diffusion experiments), followed by the solid- 
state studies on some of these complexes, and then benchmark 
olefin hydrogenation of cyclohexene. The solid-state and solution 
structure of lr(PPh,);H:(l-c/aw-CBn H6BrJ has already been 
reported.12
Solution structures
Addition of H (~4 atm) to a CD;C1; solution of la. 
[Ir(PPhj)2(cod)][l-c7a?o-CBnH6CU], results in the reduction of the 
coordinated cyclooctadiene to cyclooctane and the generation of 
an iridium(ill) dihydride complex which we tentatively formulate 
as[Ir(PPh,)>H 2(L„)][( 1 -closo-CB,, H„CU] Ic/lc  (L = CD;C1:, n = 
1 lc or 2 1c') complexes with bound dichloromethane solvent, 
rather than a structure in which the anion is bound to the metal. 
In CD.Cl; at room temperature a broad (fwhm ~ 200 Hz) signal 
is observed atrf —27.1 ppm of relative integral 2H. The broadness 
is indicative of a fluxional process. The !|P{'H} NMR spectrum 
shows a single broad peak centred at<5 23.7 ppm, while the " B{1 H} 
NMR spectrum displays a 1 : 5 : 5 pattern, consistent with C5, 
symmetry for a cage anion that is not bound strongly to the metal 
centre as this would result in a reduction in symmetry (vide infra). 
Progressive cooling to 240 K resolves the broad hydride peak in 
the 'H NMR spectrum into two, approximately equal intensity 
broad signals at 6 —25.5 and 6 —27.8 ppm of combined area 2H 
relative to the aromatic protons, while the ” P{1H} NMR spectrum 
now shows two slightly broadend peaks at 6 26.6 ppm and r> 
23.1 ppm, again of approximately equal intensity. The "B{'H} 
NMR spectrum still shows C5v symmetry for the cage. Further 
cooling to 180 K does not change the spectra appreciably apart
R3p--. . .-Ji7  
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1 PPh3 [1-cfoso-CBn H6CI6]
2 PPh3 [1-ctosoCBn H6Br6] ™
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4 PPh3 [BAiT,] 1121
5 PPh3 [PF6] [25>
6 PMe2Ph [l-ctoso-CBuHeCId
7 PMe2Ph [1-ctoso-CB,, H6Br6]
8 PMe2Ph [1-ctoso-CBn H6l6]
S chem e 4  N ot all species are observed for each phosphine/counterion combination. (S) =  solvent or agostic interaction.
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from sharpening the two signals in the 'Pj'H} NMR spectrum. 
A small amount (~5%) of the dimeric complex [(Ir(PPh;);H);(p- 
H)>][BAr34], as first characterised by Crabtree et ul.lh for the 
[PF,,] salt, is also observed. We assign the solution structure 
of lc / lc  in CH:C1; to be one in which the anion is not bound 
to the metal centre. Support for this assignment comes from 
addition of H: to 4a (which is partnered with the [BAr'4] anion) 
that arrives at essentially identical 'H and 'P NMR spectra to 
lc /lc ' over the temperature range 180 to 298 K. As the [BAr14] 
anion is highly unlikely to bind to the metal centre, this strongly 
suggests that the anion is also not bound in l c / l c . We can only 
speculate upon the solution structures of lc /lc ' and 4c/4c with 
the available data, but we suggest one in which one (c) or two (c) 
CHjCh solvent molecules are bound, [Ir(PPhi);H;(CH;Cl;)„][Y] 
(n =  1 or 2; Y = l-(7avt»-CBM H6Ch or [BAr'4] Scheme 5), which 
are in exchange at room temperature but static at 180 K, thus 
giving rise to two, closely related, complexes at low temperature. 
CH:CI; complexes of transition metals are now well established, 
but sometimes difficult to characterise unambiguously.”•58 ”C 
NMR spectroscopy at low temperatures (183 K) has been used 
to characterise CH:C1: complexes by the characteristic down- 
field shift of the methylene signal.3'' Recording the l3C{1H} NMR 
spectrum at 200 K did not reveal coordinated CH;C1;, although 
this is not unsurprising given the labile nature of such complexes. 
Alternative structures which involve agostic interactions from the 
phosphine C H groups are possible, but given the chemical shift 
of the hydrides we consider these to be less likely. For example, 
complexes with weakly bound ligands tram to hydrides, such as 
[IrH2(o-CFC6H4)(PPh,):][BF4]39 show comparable chemical shifts 
0  —20.8) to lc / lc  and 4c/4c . while those tram to agostic interac­
tions resonate at much higher field in the 1H NMR spectrum (viz. 
[IrH:( PPh(1 Bu); ):][BArh4], 6 -37.140). Whatever these interactions 
are, they are weak, and are immediately replaced by stronger 
Lewis bases (L) such as H;0  or MeCN to afford the previously 
characterised cations [Ir(PPh.);H;L:] \ 24 Over time (24 hours) 
CD;C1; solutions of lc / lc  and 4c/4c change to afford the dimeric 
decomposition products Id and 4d (the latter characterised by X- 
ray crystallography, see ESIf)- For lc / lc  this process takes longer; 
presumably because, although not coordinated strongly with the
cation on the NMR timescale, the carborane anion does provide 
some protection to the metal centre.
Support for the assignment of lc /lc  and 4c/4c as 
dichloromethane complexes comes from the fact that when H is 
added to la in toluene solvent, rather than CH;C1:, a different 
complex is formed (Scheme 5). This is one which there is 
intimate interaction between cation and anion, i.e. Ir(PPh,);H( 1- 
t/y.w-CBnHtCU lb—consistent with the lower dielectric solvent 
toluene favouring ion-pairing (i: toluene 2.4, CH:C1; 9.1). A solid- 
state structure confirms this (vide infra) when crystals are grown 
from arene (fluorobenzene) solvent. There is no evidence for 
solvent stabilised complexes, such as [Ir(PR,)2(rf-arene)][l-r7avo- 
CBn H,,C16].41 At room temperature in ^-toluene a sharp, integral 
2H, triplet is observed in the 'H NMR spectrum at high field, i) 
-27.7 [./(PH) 18 Hz], while the “Pj'H} NMR spectrum reveals a 
broadened singlet, suggesting an exchange process, at <5 20.6. That 
a sharp triplet is observed in the 'H NMR spectrum shows that 
this exchange cannot be due to phosphine dissociation. Progressive 
cooling to 240 K affords a well resolved, but tightly coupled, 
AB doublet [7(PP) 340 Hz] in the 1 P{1H} NMR spectrum, 
indicating inequivalent /rao.v-disposed phosphines. The 'H NMR 
spectrum is essentially unchanged in the hydride region. These 
spectral data are fully consistent with the solid-state structure 
(ride infra), in which the coordinated carborane cage renders 
the phosphines chemically inequivalent. "B NMR spectra at low 
temperature were broad and uninformative. A fluxional process 
upon increasing the temperature in toluene that involves (partial) 
anion decoordination, reorgansation, and then re-establishing a 
bidentate binding mode is the most plausible explanation. AG\ 
for this process is estimated as 52.5 ± 1 kJ mol 1 in toluene (T, 
290 K, 400 MHz).
Similar solvent dependant behaviour for lr(PPh<);H;(l-c/6».vo- 
CBl[H„Br,) 2b also occurs; in CH;CI: AG% for anion reorganisa­
tion is estimated as being 30.8 kJ mol"1,12 while in toluene AG\ 
for this process is now significantly higher 60.0 ± 1 kJ mol 1 (T, 
330 K. 400 MHz). This difference is presumably due to that fact 
that CH:C1: promotes the separation of the ion pair in 2b. and 
thus lowers the barrier to anion reorganisation (Scheme 6).12 In 
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Table 1 Calculated values for AGJ ( / 8-toluene) and hydride chemical 
shifts"
T J  K AG+/ kJ mol"1 'H hydride 0 /ppm )
lb 290 ± 2 52.5 ±  1 -26.9
2b 330 ± 2 60.0 ±  1 -25.1
3b 395 ± 2 71.5 ±  1 -21.8
7b 340 ± 2 62.1 ±  1 -25.7
8b >395 >73 -21.1
“ Calculated using: AGJ =  19.14TC(0.32 +  logT J k c). where kc =
2.22v(Av? +  6/(AB)2).42
less strongly than the [l-c7<m>-CBnH6Br6]" anion, as reflected by 
a lower estimate for AG% (Table 1).
With the iodo-anion, [1-c7os,o-C B 11H 6I6]“ , addition of H2 to 3a 
results in the tight ion pair Ir(PPh3)2H2(l-c/<m>-CBMH6I6) 3b. For 
this, even in CH2C12, the anion is bound firmly and a characteristic 
tightly coupled AB doublet is observed in the 3IP{‘H} NMR 
spectrum at room temperature [/(PP) 343 Hz]. The 'H NMR 
spectrum shows a triplet in the hydride region, at S —21.8, similar 
to that reported for [Ir(PPh3)2H2(c>-I2Q H 4)][PF6],39 but shifted 
upfield (5 —16.4 vs. —21.8) being more like that reported for 
[Ir(PPh3)2H 2(o-X 2C 6H4)][PF<s] (X =  Cl, Br S -20.8). It has been 
shown that the chemical shift of the hydrides in [Ir(PR3)2H2L2]+ 
complexes is sensitive to the trans ligand, with more basic ligands 
resulting in downfield shifts.24 This suggests that the [1 -closo- 
CBnH6I6]~ anion binds less strongly with the metal fragment than 
diiodobenzene. This is also reflected in the solid-state structure that 
shows a longer Ir-I distance in 3b compared with [Ir(PPh3)2H2(o- 
I2C6H4)][PF6] (vide infra). That the cage is bound tightly to 
the metal fragment is also demonstrated in the "B{‘H} NMR 
spectrum by seven resonances between 6 —6 and 6 —22 in a 2 : 
1 :1  : 2 : 2 : 1 : 2 pattern being observed, as expected for a 
cage bound through two lower pentagonal belt halogens and not 
reorganising in solution, i.e. displaying Cs symmetry. Heating a 
<7s-toluene solution of 3b results in coalescence of the 3IP NMR 
peaks at 395 K (AGJ 71.5 ±  1 kJ mol"', 400 MHz), but also the 
onset of decomposition.
With the sterically less demanding phosphine PMe2Ph the 
same range of carborane complexes have been prepared from 
the appropriate cyclooctadiene precursors, [Ir(PMe2Ph)2(cod)][l- 
t'/oso-CBuHftXf,](X =  C16 , B r 7 ,18). Forthe[l-c/oso-CBnH6Cl6]“ 
anion a mixture of products results from addition of H2 to 
6a, indicated by the observation of at least 8 hydride signals. 
Presumably the combination of a small phosphine (PMe2Ph), that 
does not necessarily impose trans-geometry of the phosphines, 
and a weakly binding chlorocarborane anion leads to a mixture 
of products. In contrast, 7b and 8b have been characterised 
by NMR spectroscopy and are single species that display close 
contacts between the anion and cation in solution, Ir(PMe2Ph)2( 1 - 
c/ttS0 -CBnH6X6) (X =  Br 7b, I 8b). It is useful to contrast the 
solution behaviour of these {Ir(PMe2Ph)2H2}+ fragments with 
those using the bulkier PPh3 phosphine. For the PMe2Ph complex 
7b the [l-c/osoCBnH^Br*]" anion is tightly bound so that at 
room temperature in CD2C12 solutions Cs symmetry is observed, 
shown by 4 resonances in the "B NMR spectra, an AB doublet in 
the 3,P{'H} NMR spectra showing the characteristic large /(PP) 
coupling of inequivalent trans phosphines, and a single hydride 
resonance; all similar to 3b. Calculated AG% values (in i/«-toluene)
reflect this tighter bond between anion and cation compared with 
the PPh3 analogues, although the differences are not large in this 
solvent. In 8b the [1-c7o5o-CB,,H6I6]" anion is also bound tightly, 
but even more so, so that the onset of fluxional behaviour is not 
observed at 395 K.
Just as noted by Crabtree et al.26 and others,17 we find hydro­
genation of [Ir(PPh3)2(cod)][PF6] leads to the immediate formation 
of the hydride bridged dimer [Ir2H2(p-H)3(PPh3)4][PF6] 5d. This is 
in direct contrast to the [BArF4]“ and [l-c7o.w-CBnH6Cl6]“ salts 
that form what we assign as solvent complexes initially ( l c / l c '  
and 4 c /4 c ') , before eventually (days) forming the same hydride 
bridged dimers. In the absence of external stabilising ligands (such 
as olefin) it has been suggested that the larger size of the [BArF4]_ 
anion inhibits close approach of two metal fragments and thus 
inhibits dimerisation.14 Our results underscore this: presumed 
CH2C12 complexes are initially observed with [BArF4]" and [1- 
c7o5o-CBnH6Cl6]“ anions, while with [PF6]“ decomposition is 
effectively instant.
In our hands, attempts to partner carborane monoanions with 
sterically very bulky phosphines such as PCy,26 or P'Pr, only 
led to intractable products. With the more bulky carborane 
anion [l-c7o5o-CBnMe5I6]"35 addition of H2 to the precursor 
complex [Ir(PPh3)2(cod)][]-c7o.yo-HCBnMe5I6] 9a does not yield 
the expected complex Ir(PPh3)2H2(l-c70.w-HCBnMe5I6) nor does 
it form the solvent coordinated complexes as observed for the more 
weakly coordinating anions. Instead a mixture of two compounds 
of equal ratio is observed, which have been characterised by 
solution NMR spectroscopy. The first compound we assign as 
a mono-phosphine iridium(m) dihydride complex of formula 
Ir(PPh3)H2(HCB|,Me5F), 10, in which the anion is bound to the 
metal via three lower-hemisphere iodines. In the 'H NMR spec­
trum at 298 K. in CD2C12 a broad doublet at 6 —22.2 ppm of relative 
integral 2H with a /(PH) coupling constant of 18 Hz, indicative of 
a hydride showing cis coupling to phosphorus, is observed. A single 
peak is observed for the cage methyl groups at S 0.31 ppm. The 
3'P{'H} NMR spectrum shows a broad singlet atS 18.6 ppm. The 
broadness of the hydride and phosphorus signals and a single peak 
for the cage methyls indicates a fluxional process which we believe 
to involve the anion decoordinating and re-binding in a different 
orientation. On cooling to 240 K this fluxional process is halted, 
and the cage methyl resonance broadens and splits into at least 
three overlapping resonances indicating a bound cage with loss 
of C5v symmetry. In the hydride region of the 'H NMR spectrum 
three signals, two doublet of doublets [/(PH) 18 Hz and /(HH) 
7 Hz] and a further doublet [/(PH) 18 Hz] are observed; while 
in the 3IP{'H} NMR the single resonance at room temperature 
now resolves into two signals <5 19.7 and 19.1 ppm of relative 
intensity 1 :4. The 11B NMR spectrum at low temperature is broad 
and informative. These signals at low temperature are assigned as 
two isomers of 10 whereby the orientation of the cage alters the 
symmetry of the complex and renders the hydrides equivalent 
or inequivalent (Scheme 7). The asymmetric isomer is the major 
product. Support for this assignment comes from spectroscopic 
similarities to the well characterised (NMR and X-ray diffrac­
tion) rhodium analogue Rh(PPh3)H2(l -doso-HCHuH5Br6),43 and 
[Ir(PR3)H2(L)3][BF4] [(L)3 =  if-C6H6, (acetone);,].44
We believe the reason for the formation of the monophosphine 
complex 10 is due to the strong tendency for the iodines of the cage 
to bind to the iridium centre. The large steric bulk of the anion, in
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particular steric interactions between cage methyls and phosphine 
phenyls, requires that a  PPh, ligand decoordinates from the iridium 
centre to accommodate the anion. This free phosphine then adds 
to another iridium centre and forms compound 11 [(PPh3)3Ir(r|:- 
H2)H2][HCBnMe5I6], the other species identified in solution in 
equal proportion to 10. Complex 11 has been identified due to the 
close spectroscopic similarity with [Mrfc-H^H^PMeoPhX^BF,,]45 
and [Ir(rb-H2)H2(triphos)3][BPh4].‘w The 3IP{'H} NMR at 298 K 
shows a singlet at S 5.1 ppm; while in the 'H NMR spectrum a 
broad hydride signal at S —7.9 ppm is observed, which does not 
resolve on cooling to 180 K, indicating a rapid fluxional process 
is making equivalent the hydrides. Rapid exchange of hydrogen 
ligands is also observed in [Irfrk-H^H^triphosXJtBPlx,], although 
in this case the fluxional process can be frozen out at 200 K.46 
Given this rapid exchange we have not been able to record a T i 
minimum value that would unequivocally indicate the presence 
of a dihydrogen ligand. The 31 P{1H} NMR spectrum at 180 K 
resolves into two signals, a doublet of relative integral 2 P at 
6 6.9 ppm and a triplet of relative integral 1 P at J 2.6 ppm 
[./(PP) 14 Hz] of relative intensity 2 : 1 .  ESI-MS in MeCN 
solution substantiate the formulation of 1 1 , showing a parent ion 
at m /z 1022 and distinctive isotopomer pattern corresponding to 
[Ir(PPh3)3H2(NCMe)]+, formed on substitution of labile H2 with 
coordinating acetonitrile.
Diffusion measurements
Pulsed field gradient diffusion measurements are extremely use­
ful in assessing the degree of ion-pairing in solution between
Table 2 1H NMR diffusion data and resulting hydrodynamic radii"
organometallic cations and various anions.14,18 Diffusion cooef- 
ficents (D) arise directly from the experiment which may be 
related to hydrodynamic radii (rH) using the Stokes-Einstein 
equation. Given that for the complexes reported here there 
is a marked change in the degree of interaction between the 
anion and metal fragment on moving from [BArH4]/[l-c7o.w- 
CBnHftClfi] through to [l-c7aw-CB,|H6I6]~ as indicated by NMR 
spectroscopy, determining the extent of ion-paring using diffusion 
experiments would afford valuable, complimentary, information. 
This is especially so when considering that these complexes are also 
active for the hydrogenation of olefins in CH2C12. Data from these 
experiments are recorded in Table 2. All the organometallic com­
pounds were measured in CH2C12 solution (entries 1-8, Table 2). 
Diffusion coefficients for Na[BArF4] (entry 12) and [NBu4][l -closo- 
CBnH6X6] (entries 9-11) were measured in MeOH and acetone 
respectively, solvents that favour well-separated ion pairs and thus 
afford a base-line minimum value to the hydrodynamic radius (rH). 
For Na[BArK4] this is calculated to be 6.2(1) A which compares 
well with that previously reported16 and validates our experimental 
set-up. The calculated hydrodynamic radii of [l-c/o.V6>-CBMH6X6]“ 
are also consistent with the radius calculated from the solid-state, 
e.g. for X =  I rH = 5.1(1) A compared with the estimated value 
of 4.9 A using van der Waals radii. We believe that this is the 
first time a diffusion study has been reported using carborane 
salts.
Inspection of Table 2 shows that all the precursor cyclooctadiene 
salts (entries 1-4) show a small degree of ion-pairing in CH2C12 
solution as demonstrated by rH for the anion being larger than 
observed for the [NBu4]+ salt of the respective anion (entries
Z)/10“'° m2 s- r»/A
Entry Compound Anion Cation Anion Cation
1 [Ir(PPh,)2(COD)][ 1 -closo-CB„H„C1„] la 9.82 7.84 5.3(1) 6.65(1)
2 [Ir(PPh3)2(COD)][l -cfo.vo-CB,, H„Br„] 2a 9.60 7.96 5.4(1) 6.56(1)
3 [lr(PPh,MCOD)][1 -r/o.vo-CB,, H,I6] 3a 8.34 7.83 6.2(1) 6.66(1)
4 [Ir(PPh,MCOD)][BAr' 4] 4a 7.50 7.39 7.0(1) 7.05(1)
5 [Ir(PPh3)2H,L„][l -clusu-CRu H6C1*]1c/c' 7.84 7.53 6.7(1) 6.93(1)
6 Ir(PPh,)2H2( 1 -closo-CB„ H„Br*) 2b 7.32 7.40 7.1(1) 7.04(1)
7 Ir(PPh3),H2(l -closo-CBu H*I6) 3b 7.91 7.78 6.6(1) 6.70(2)
8 [Ir(PPh3)2HoL„][BAr’ 4] 4c/c' 6.53 6.87 8.0(1) 7.59(1)
9 [NBu4][1 -closo-CBf i H6C16]‘' 15.6 13.9 4.6(1) 5.13(3)
10 [NBu4][1 -c/avo-CB,, H6Brfi]c 15.3 13.7 4.7(1) 5.20(3)
11 [NBu4][l-t/avo-CBn H,I6f 14.0 14.3 5.1(1) 4.97(1)
12 Na[BArF4]‘ 6.60 6.2(1) —
“ 0.0118 M CH2C12 solutions. 400 MHz. ^(CH2C12) =  0.414 x 10 3 kg s 1 m 1 at 299 K. ^(acetone) 0.303 x 10 3 kg s 1 m 1 at 299 K. ^(MeOH) 0.526 x 
10~3 kg s_l m '1 at 299 K .b Measured in </3-MeOD at 2 mM concentration. Literature values D 6.53, rH 6.3 A.14'16 c Measured in ^-acetone.
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9-12). For the carborane salts the cation is essentially the same 
in each (rH ~ 6.6 A), while for the [BArl4] salt. 4a. rH for the 
cation is larger. This may be suggestive of slightly more ion- 
pairing with the [BArK4] anion, as has been noted previously.19-47 
As expected for the carborane series, la to 3a, the iodo-carborane 
has the largest hydrodynamic radius. On hydrogenation (CD;CI; 
solutions) there are some notable changes (entries 5-8). All 
the diffusion coefficients get smaller, indicating larger species in 
solution, and the corresponding hydrodynamic radii are all larger 
than the [NBu4]~ salts or the precursor organometallic complexes. 
All also have similar diffusion coefficients for anion and cation, 
especially when compared with both the precursor cod complexes 
(entries 14) and the [NBu4]* salts of the anions (entries 9
11), showing that there is a large degree of ion-pairing present. 
Even though the iodo carborane complex, 3b, has the tightest 
anion-cation interaction as measured by variable temperature 
NMR spectroscopy, it has the smallest hydrodynamic radii for 
both the anion and the cation. The [l-c/u.w-CBM H,,Br6] , [1- 
closo-CBu H,,Clf,] and [BAr^4]~ salts are all larger. This can be 
interpreted in terms of the solution structures if these latter 
complexes invoke solvent complexes on the NMR timescale, in 
which the cation and anion are not bound together but move 
together in solution. These would naturally be larger than the 
closely associated 3b even though the iodo-carborane is, itself, the 
largest anion of the carborane series. In this regard the diffusion 
data are in full accord with the proposed solution structures as 
determined by the other, complimentary, NMR data.
Solid-state structures
Attempts to crystallise [Ir(PPh!);HJ(L:)][l-c/aw-CB,1H6Cl„] 
lc / lc  from CH:C1; solutions led to decomposition, w'ith H and 
P NMR spectroscopy showing the formation of the hydride 
bridged dimer [{Ir(PPh,);H}:(p-H),]* Id. indicating that the 
chlorocarborane anion does not supply sufficient stabilisation to 
the metal centre to avoid decomposition over time. A similar 
fate happens to the [BArf4] complex 4c/4c , and recystallisa- 
tion affords [{lr(PPh,);H};(p-H),][BAr^4] 4d for which a solid- 
state structure has been determined and confirms the structure 
previously determined for the [PF6] salt by Crabtree et al. (see 
ESI| for structure).26 These observations are reflected in the 
solution structures immediately after hydrogenation that indicate 
that the anion does not bind to the metal centre. Synthesis and 
subsequent recystallisation from fluorobenzene, an arene solvent 
which favours a tighter anion-cation contact, resulted in crystals 
of marginal quality. The resulting refined structure was of very 
poor quality, meaning that it is inappropriate to discuss specific 
structural metrics. Nevertheless the gross structure is clear: the 
anion effectively chelates with the metal centre and is bound 
through two lower pentagonal-belt chlorines (Fig. 1), and the 
phosphines are trans orientated. The hydride ligands were not 
located, but are presumably mutually cis to one another. This 
binding motif of the anion is the same as found for 2bu and 
the two-point binding observed in Et>Al( 1 -c/o.vo-CB,, FFCf,).4* It 
is also closely related to that described for the diiodobenzene 
complex Ir(PPh:) H;(6»-1:C„H4).59 The solid-state structure of lb 
mirrors what is observed in toluene solution at low temperature, 
in that the molecule has approximate mirror symmetry, the two 




Fig. 1 Solid-state structure o f Ir(PPh,);H2(1 -c/u.vo-CB,, H*), lb. The 
hydride ligands on the iridium were not located by X-ray crystallography.
In contrast, recrystallisation of 3b. Ir(PPh,)2H;(l-i76>.w- 
CB,, Hf.I,.). from CFFCT pentane affords good quality crystals. 
The solid-state structure (Fig. 2) shows that it is essentially the 
same as lb and 2b.12 This is also consistent with the room 
temperature NMR spectra in CH:C1; that show that the anion is 
bound to the metal. Inspection of the bond lengths and angles 
around 3b and comparison with the chloro (lb) and bromo 
(2b)i: analogs show that the bulkier iodo carborane pushes the 
phosphineligandscloser together (Table 3). Their I bonds lengths 
are also a little longer than found in [Ir(PPh,):H:(o-I;C( H4)] 
[2.726(2), 2.745(2) A],59 reflecting the steric bulk of the carborane 
compared with 1,2-diiodobenzene, as does the larger P Ir P angle 
[166.5(2)°] found in the iodobenzene complex.
s»
Fig. 2 Solid-state structure o f  Ir(PPh4);H2(l-c/u.w-CBnH(d<,). 3b.
For Ir(PMe;Ph)2 H:( 1 -c/oso-CBu H J ,) 8b (Fig. 3), the decreased 
steric bulk of the PMe:Ph phosphine compared to PPh, is 
demonstrated by the fact that the phenyl groups are free to rotate 
away from the carborane and the phosphine ligands are not pushed 
away as much from the carborane as for the PPh, analogs, reflected 
by the largest P Ir P angle of the set, 158.4(1)°. This also leads 
to slightly shorter Ir I distances compared with 3b. In all other 
respects the structure is broadly similar to that of 3b.
5498 | Dalton Trans., 2006, 5492-5505 This journal is O The Royal Society of Chemistry 2006
Table 3 Comparison of selected bond lengths and angles for the carborane complexes
lb 2b': 3b 8b
P Ir  P / °  157.1(4) 155.3(3) 151.6(4) 158.4(1)
Ir  P /A  n / a  2 .322(2). 2 .335(2) 2 .322(1). 2 .325(1) 2 .299 (1 ). 2 .296(1)
I r -X /A  n / a  2 .680(1). 2 .655(1) 2 .779(1). 2 .806(1) 2 .765(3). 2 .768(1)
Fig. 3 Solid-state structure o f  IrfPMePh^H^l-c/ow-CBnH,.). 8b 
Summary of solution and solid-state structures
To summarise the solution NMR, as the basicity of the anion is 
reduced, or the steric bulk of the phosphine is increased, solvent- 
stabilised complexes become favoured in CH;CI; in which the 
anion and cation also retain some degree of ion-pairing. This 
is reflected by lower diffusion coefficients for the solvent separated 
ion-pairs, corresponding larger hydrodynamic radii and lower
energies (AG|) associated with anion reorganisation in toluene 
solvent. The solid-state structures, where available, are in broad 
agreement with this. Based on these measures an ordering of degree 
of interaction between the anion and the cationic {Ir(PR,);H:}+ 
fragment is (Scheme 8 for PPh, complexes):
1 ~ 4 < 2 < 7 < 3 ~ 8
This ordering should also manifest itself in the catalytic compe­
tency of these complexes: the stronger the interaction between 
anion and cation the slower the catalyst.
Catalysis
Iridium phosphine hydride systems are excellent catalysts for the 
hydrogenation of unfunctionalised olefins.23,24 We have chosen a 
benchmark hydrogenation, that of cyclohexene, to test the effect 
of anion in the systems under discussion here. These comparisons 
were performed at 273 K, 1 atm H; and 1 mol% loading. Results 
are shown graphically in Fig. 4. Hydrogenation using catalysts 
la. 2a and 4a all afforded complete conversion in 15-20 minutes, 
with only a small difference in relative rates. The catalyst with 
the [1-c/ow-CB||H6CU]' anion was marginally faster than that 
with [l-c7o.w-CBMHfBr6]' and [BArh„] anions. That with the
Decreasing Basicity of Anion 
Scheme 8















t im e  ( m in s )
Fig. 4 Relative rates o f hydrogenation o f  cyclohexene using [lr(PR ,):(cod)][Y] precatalysts la-8a (1 mo!%, C H :C12. 1 atm H;). Conversions measured 
by GC. See Scheme 4 for com pound reference numbers.
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Table 4 Repeatability tests (after 20 minutes) in cyclohexene hydrogenation
Catalyst Cycle 1 conversion (%) Cycle 2 conversion (%) Cycle 3 conversion (%)
[(PPh3)2IrH,(L->)][l -c/o.vo-CB,, H6C16] lc 100 10 0
[(PPh,)2IrH,(l-r7«.vr;-CBu H6Br6)] 2b 100 100 100
[(PPh,)2IrH ,( l-c W C B „ H 6J6)] 3b 5 0 0
[(PPh,),IrH,(L2)][BAr4']4 c  100 25 0
Table 5 Water and oxygen tolerance tests (after 20 minutes)
Catalyst Control conversion (%) H:0  added conversion (%) G2 added conversion (%)
[(PPh3)2Ir(cod)][l -c7o.w-CB|| H6Br6] 2a 100 100 100
[(PPh3),Ir(cod)][BAr4']4 a  100 46 100
[(PPh3),Ir(cod)][PF6] 5a 40 36 20
[]-c7ow-CB,|H6I6]“ anion only gave 5% conversion after 20 
minutes. In our hands [Ir(PPh3)2(cod)][PF4], 5a, afforded only 34% 
conversion in 20 minutes (complete conversion was achieved after 
80 minutes). For catalysts using the less bulky {Ir(PMe2Ph)2}+ 
fragment there is a much bigger difference in relative rates. 
When partnered with [l-c7o.w-CBnH6Cl6]“, i.e. complex 6a, 
complete conversion in 15 minutes is observed; while the [1- 
c7aw-CBnH6Br6]" anion hydrogenation rate drops considerably, 
so that only after 110 minutes is 98% conversion achieved. The 
[l-c7o.ro-CBnH6I6]“ anion, 8a, suppresses hydrogenation activity 
completely.
These results may be understood in terms of anion-cation 
interactions in solution. Taking the PPh, fragments first, the 
similarity in hydrogenation rate for catalysts incorporating the 
[l-c7aro-CBnH6Cl6]“, [l-c7o.w-CB||HABr6]“ and [BArF4]~ anions 
in CH2C12 is in agreement with solution structures in this solvent 
(and the absence of olefin) that either are solvent separated ion- 
pairs (1 or 4) or invoke such species on the NMR timescale (2) 
in the anion-reorganisation process. All must provide excellent 
access to the metal centre by both olefin and hydrogen. The 
[]-c7ttS0-CBnH6I6]~ anion is tightly bound in CH2C12 and thus 
catalytic activity is attenuated. With the [PF6]~ anion (5a) the 
reduced conversion rate is attributed to the faster rate of formation 
of the inactive hydride bridged dimer. Reducing the steric bulk 
of the phosphines (PMe2Ph) encourages any close anion-cation 
interactions in solution and this is manifested in the considerably 
slower rate for [I-c7o.ro-CBNH6Br6]~ in 7a. Interestingly 6a shows 
an almost identical rate to that with PPh3 ( la ) .  Clearly the 
limit of the anion’s influence has been reached, the chloro 
anion simply does not coordinate strongly to the metal in either 
system under catalytic conditions and thus the similar rates are 
recorded.
Inspection of the catalyst solutions by NMR spectroscopy 
after the catalysis is revealing (removal of solvent under vacuum 
and dissolution in CD2C12). For the [l-c7aro-CBnH6C16]“ and 
[BArF4]~ anions the predominant product is the dimeric species 
[{Ir(PPh3)2H}2(p-H)3]+. The [l-67ttw-CBnH6Br6]_ complex is es­
sentially unchanged, as is the iodo. We have noted these results 
previously for the [l-c70.w-CB,|H6Br6]" and [BArF4]“ anions.12 At 
low olefin concentrations the most weakly coordinating anions 
do not stabilise the metal hydride fragment towards dimerisation 
(as previously observed) while [1-t7aro-CBMH6Br6]_ does. This 
stabilisation of the catalyst is also reflected in the ability of the
catalyst solutions to continue hydrogenation. In comparative, side- 
by-side tests, the [l-c/0 .«>-CB11H6Br(S]“ anion allowed the catalyst 
to be recycled at least three times. For [l-t7ttro-CBMH6Cl6]_ and 
[BArF4]~ anions, which provide much less stabilisation to the metal 
fragment, the conversion drops dramatically, so that on the third 
cycle conversion is negligible (Table 4).
Given the ability of the [l-67o.vo-CBuH6Br6]" anion to sta­
bilise the metal fragment towards decomposition we have briefly 
explored the effects of common impurities (water, oxygen) in 
catalyst solutions. Addition of a small amount (0.05% v/v) of 
water to catalyst solutions results in a dramatic drop in the 
rate of catalysis for the [BArF4]~ complex, but none for [l-c7o.ro- 
CBMH6Br,,]“ (Table 5). By comparison, with [PF6]~ there is a 
much lower initial conversion and activity is effectively unchanged 
with added water. Although it has been previously observed that 
[BArF4]' anions do outperform [PF6]~ anions when water is present 
due to hydrolysis of the latter, drops in conversion have been 
reported for the [BArF4]~ anion when water is added, compared to 
rigorously anhydrous conditions.13 From the results presented here 
it appears that [l-c7o.w-CBnH6Br6]~ presents the best resistance 
to water. We have not been able to identify the products of 
decomposition, however, we speculate that water bound to the 
metal fragment [Ir(PPh3)2H2(H20 )2]+24 would actually be quite 
acidic given the positive charge on the electrophilic Ir(m) centre, 
and might promote B-C bond cleavage in the [BArF4] anion. 
Addition of water to CD2C12 solutions of the catalysts afforded 
the corresponding aquo complexes.24 Under these conditions, 
however, we did not observe any appreciable decomposition.
Conclusions
The interplay between anion and cation in late-transition metal 
complexes that mediate catalysis is an important area of study. 
We have presented here data on actual catalyst systems (not 
precursor or decomposition complexes) that are useful in olefin 
hydrogenation, by simple hydrogenation of the well-known cata­
lyst first reported by Crabtree el al., [Ir(PPh3)2(cod)][anion].24,25 
Solution NMR experiments, including diffusion data, show 
subtle differences between the anions [l-c7o.w-CB11H6Brs]~, [1- 
c7oro-CB,|H6Cl6]“ and [BArF4]“. For the latter two, solvent 
complexes [Ir(PPh3)2H2L2][anion] (L = CH2C12) are suggested 
to be present in solution, while for [l-c7o.w-CBnH6Br6]‘ such 
complexes are probable intermediates in anion reorganisation
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processes. AH show some ion-pairing in solution, as well as the 
anion providing protection against decomposition to (catalytically 
inactive) hydride bridged dimers, in contrast to the [PF6]' salt for 
which dimer formation is rapid. The iodo-carborane, [1 -closo- 
CBuH616]“, shows a much tighter interaction with the metal 
centre. A similar ordering has been previously reported for the 
interaction of halogenated carborane monoanions with [Si'Pr3]+.32 
These observations are, in turn, reflected in the relative rates 
of hydrogenation of cyclohexene. [l-c7o.w-CBnH6Brfi]“, [1 -doso- 
CBnH6Cl6]- and [BArF4]“ all afford broadly similar activities, 
while the tightly bound [l-c7o^o-CBnH6I6]" suppresses activity 
almost completely. Decreasing the steric bulk of the phopshine 
to PMe2Ph results in a tighter interaction between the anions and 
cation, as expected and an attenuation of rate for the [\-closo- 
CBnH6Br6]~ and [l-67ttw-CBMH6I6]“ anions.
Overall, perhaps the most useful comment is that on cata­
lyst reusability and robustness. The bromo-carborane [\-closo- 
CBuH6Brfi]~ strikes a good balance between being weakly co­
ordinating (rapid hydrogenation rates) but also being available 
at the end of catalysis to stabilise the metal centre against 
decomposition. [BArF4]_ and [l-c7o50-CBnH6Cl6]" anions cannot 
provide this stabilisation, while [1-c/o.w-CBhH6I6]" is so strongly 
bound that catalysis does not proceed. Moreover, when compared 
with [BArF4]“ and [PF6]“ anions, [l-c76>.vo-CBnH6Br6]_ presents 
significant advantages to the metal centre in terms of robustness 
to water and oxygen. Although we have chosen a rather simple 
catalytic system to study here similar effects might be expected 
to be observed in other, more sophisticated, catalyst systems, and 
the [l-c7o.w-CBHFl6Br6]“ anion should be considered as a more 
robust alternative to [BArF4]“ and [PF6]~ whenever counterion 
effects are considered important in late-transition metal chemistry. 
These results only underscore comments previously made on the 
attractive properties of carborane mono anions.2,28
Experimental
General
All manipulations, unless otherwise stated, were performed under 
an atmosphere of argon, using standard Schlenk-line and glove- 
box techniques. Glassware was oven dried at 130 °C overnight and 
flamed under vacuum prior to use. Diethyl ether, CFFCh, pentane, 
THF and toluene were dried over the appropriate columns 
containing activated alumina, copper and molecular sieves using 
an MBraun solvent purification system. CD2C12, and CDCI3 were 
distilled under vacuum from CaH2. r76-Acetone was distilled under 
vacuum from B20 3. <7s-Toluene was dried over sodium, vacuum 
distilled, and stored over molecular sieves. Microanalyses were 
performed by the University of Bath Microanalytical Service or 
by Elemental Microanalysis Limited. Gas chromatography was 
performed using a Perkin-Elmer GC, helium carrier gas (12 psi), 
injection volume 0.2 pL, oven temperature 40 °C and a flame 
ionisation detector. Data were analysed using the TurboChrom 
software package.
N M R  spectroscopy
'H, 'H{"B}, "B, "B{'H} and 3IP{'H} spectra were recorded 
on Bruker Avance 400 MHz and Bruker Avance 300 MHz
spectrometers. Residual protio solvent was used as reference for 
'H and ‘H{"B} NMR spectra (CDC1,: 8 = 7.26, CD2C12: 8 = 
5.33, d6-acetone:8 — 2.04, d„-toluene:8 — 2.09). "B, "B{'H} and 
31P{1H} spectra were referenced against BF3.OEt2 (external) and 
85% H,P04 (external) respectively. Chemical shifts are quoted 
in ppm. Coupling constants are quoted in Hz. Diffusion data 
were acquired on the Bruker Avance 400 spectrometer equipped 
with z gradients. For all experiments, a bipolar longitudinal eddy 
delay pulse sequence with sine shaped gradients was employed.49 
The effective gradient strength (g) was varied linearly in 8 steps 
from 0.674 G cm-1 to 32.03 G cm-1, with 8 scans acquired for 
each gradient strength. The diffusion time (A) was 50 ms and 
the gradient length (8/2) was 1 ms. To minimise problems caused 
by convection, the probe heater, air flow and sample rotation were 
turned off and spectra were acquired at room temperature (294 K.). 
The sample concentration was 0.012 M. Cation diffusion rates 
were measured for the iridium cations using the 'H signal from 
the PPh3 group and for the [NBu4]+ salts using the 'H signal for 
the CH2 group adjacent to the nitrogen atom. The anion diffusion 
rates were obtained from the 'H signal of the cage CH for the 
carborane anions and the aromatic 'H signals were used for the 
[BArF4]“ anion. The diffusion coefficient, D, was obtained from a 
linear least squares plot of In I / I0 v.v. g2 (/ =  signal intensity). The 
hydrodynamic radius, / H, was obtained using the Stokes-Einstein 
relationship, rH = kT/6nt]D, where k is the Boltzmann constant 
and t] is the viscosity.
Starting m aterials
The starting materials Cs[l-c7o.vo-CBnH6Cl6],27 Cs[l-c7t>.w- 
CB,, H6Br6],27 Cs[ 1 -closo-CB,, H616],32 Ag[ 1 -closo-CB,, H#C1«],27 
Ag[l -closo-CBn H6Br6],27 Ag[l-c7o.w-CBM H6I6],32 Cs[l -closo- 
HCBuMesI*],48 [Ir(COD)Cl]2,50 [(PPh3)2Ir(COD)][l-cfoso- 
CBi,H6Br6] 2a and (PPh3)2Ir(H2)(l-c/u^o-CBnH6Br6) 2b12 were all 
prepared by published literature methods.
Syntheses
|(P P h 3)2 lr (C O D )||l-c /o so -C B ,,H 6Cl6| la .  A solution of PPh3 
(0.156 g, 5.96 x 10“4 moles) in ethanol (3 cm3) was added 
dropwise with stirring to a suspension of [Ir(COD)Cl]2 (0.100 g,
1.49 x 10“4 moles) in ethanol (1 cm3) giving a red solution. 
Cs[CBi|H6Cl6] (0.144 g, 2.98 x 10“4 moles) in ethanol (3 cm3) 
was added to the solution giving a red precipitate. The solvent 
was removed in vacuo and the residue partially redissolved in 
CH2C12. The mixture was filtered and pentane was added to 
the filtrate. The mixture was stored at —18 °C overnight to 
give the product as red crystals. Yield, 0.221 g, 63%. 'H NMR 
0/ppm  CD2C12) 7.65-6.87 (m, 30H, ArH), 4.15 (s, 4H, COD), 
2.22 (m, 4H, COD), 2.05 (br s, 1H, cage CH), 1.90 (m, 4H, 
COD). 31P{'H} NMR (8/ppm CD2C12) 18.8 (s). "B 0/ppm  
CD2C12) 1.8 (br s, IB, BC1), -5.1 (br s, 5B, BC1), -22.5 [d, 
J(HB) 164 Hz 5B, BH], Microanalysis: [(PPh3)2Ir(COD)][1-c7c>.s0- 
CBnH6Cl6]-3CH2Cl2 (GwH54B|lC]|2Ir1P2) requires C 40.33%, H 
3.81%. Found: C 40.47%, H 3.83%.
|(P P h 3)2Ir (C O D )||l-c /0 S0 -C B n H 6l 6) 3a . This compound was 
prepared in a manner analogous to that used for compound 
la . Yield, 0.334 g, 65%. 'H NMR 0/ppm  CD2C12) 7.52- 
7.14 (m, 30H, ArH), 4.15 (s, 4H, COD), 3.0 (br s, 1H cage
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CH), 2.22 (m, 4H, COD), 1.90, (m, 4H, COD). 3IP{'H} NMR 
((5/ppm CD2C12) 18.9 (s). "B ((5/ppm CD2C12) —5.7 (br s, 
IB, BI), -13.1 [d, /(HB) 167 Hz, 5B, BH], -18.3 (br s, 5B, 
BI). Microanalysis: [(PPh3)2lr(COD)][l-c7ttw-CBi1H6l6]-2CH2Cl2 
(C47H52B1,16Cl4Ir|P2) requires C 29.77%, H 2.77%. Found: C 
29.67%, H 2.67%.
(PPh3)2IrH2(l-c/oso-CB,IH6Cl6) lb. A solution of 
[(PPh3)2Ir(COD)][CBnH6Cl6] (10 mg, 8.51 x 10~6 moles) in 
Js-toluene (0.5 cm3) was freeze-thaw degassed and back filled 
with H2 at —196 °C. On warming to room temperature the 
solution changed from red to colourless. The product was 
characterised in situ by NMR spectroscopy. Crystals of lb 
suitable for X-ray diffraction were obtained by diffusion of 
pentane into a solution of the complex in fluorobenzene. 'H 
NMR 0/ppm  ^-toluene 298 K) 7.51-6.74 (m, 30H, ArH), 2.24 
(s, 1H, cage CH), -27.71 [t, /(PH) 18.00 Hz, 2H, IrH], 31P{‘H} 
NMR 0/ppm  ^-toluene 298 K) 20.6 (br s). "B{'H} NMR 
0/ppm  / 8-toluene 298 K) 1.5 (br, IB, BC1), -5.3 (s, 5B, BC1), 
-23.2 (br, 5B, BH). 3IP{' H} NMR 0/ppm  (4-toluene 240 K) 21.7 
(d, /(PP) 342 Hz), 19.1 (d, /(PP) 343 Hz). 3IP{'H} NMR 0/ppm  
(4-toluene 180 K) 21.5 (d, /(PP) 340 Hz), 18.9 [d, /(PP) 340 Hz], 
Microanalysis: (PPh3)2IrH2(]-c/o.so-CBnH6Cl6). P2IrCl6BnC37H,8 
requires C 41.6%, H 3.58%. Found: C 41.8%, H 3.67%.
(PPh3)2IrH2(L„)(lH-c/oso-CB11H5Cl6) 1c (L =  CH2C12 or 
agostic interaction). A solution of [(PPh3)2Ir(COD)][CB,i H6C16] 
(10 mg, 8.51 x 10-6 moles) in CD2C12 (0.5 cm3) was freeze-thaw 
degassed and back filled with H2 at —196 °C. On warming to 
room temperature the solution changed from red to colourless. 
The product was characterised in situ by NMR spectroscopy. 'H 
NMR 0/ppm  CD2C12 298 K) 7.78-6.92 (m, 30H, ArH), 2.21 (s, 
1H, cage CH), -27.10 (br s, 2H, IrH). 31P{'H} NMR 0/ppm  
CD2C12 298 K) 23.7 (s). nB NMR 0/ppm  CD2C12 298 K) 0.9 
(br s, IB, BC1), -5 .9  (br s, 5B, BC1), -22.86 [d, br, /(HB) 159 Hz, 
5B, BH]. 'H NMR 0/ppm  CD2C12 180 K selected) -26.52 (br s, 
1 H), -28.17 (br s, 1 H). 31P{'H} NMR 0/ppm  CD2C12 180 K) 
26.7 (s), 23.3 (s).
(PPh^IrHjfl-c/oso-CBuHilft) 3b. This compound was pre­
pared in a manner analogous to that used for compounds lb and 
c. Crystals suitable for X-ray diffraction were obtained by diffusion 
of pentane into a solution of the complex in CH2C12. 'H NMR 
0/ppm  CD2C12 298 K) 7.59-7.10 (m, 30H, ArH), 2.92 (br s, cage 
CH), -21.76 [t, /(PH)18.2 Hz, 2H, IrH], 3IP{'H} NMR 0/ppm  
CD2C12 298 K) 12.1 [d, /(PP) 340 Hz], 6.44 [d, /(PP) 340 Hz], 
"B NMR 0/ppm  CD2C12 298 K) -5.4 (br s, IB, BI), -14.5 to 
-21.8 (br, 10B, 5 x BH and 5 x BI). 'H NMR 0/ppm  ds-toluene 
395 K) 7.63-6.77 (m, 30H, ArH), 2.26 (br s, 1H, cage CH), -21.8 
[t, /(PH) 18 Hz], 3IP{'H} NMR 0/ppm  (4-toluene 395 K) 9.2 
(br s). "B{'H} NMR 0/ppm  (4-toluene 395 K) -1.8 (s, IB, BI), 
-11.8 (s, 5B, BH), -15.3 (s, 5B, BI). 3IP{'H} NMR 0/ppm  (4- 
toluene 298 K) 13.84 [d, /(PP) 343 Hz], 7.80 [d, /(PP) 343 Hz], 
"B{'H} NMR 0/ppm  (4-toluene 298 K) -5.6 (2 B), -14.5 
(1 B), -15.5 (1 B), -16.4(2 B), -17.9(2 B), -19.4(1 B), -22.1 
(2 B). Microanalysis [(PPh3)2IrH2(l-c05o-CB|,H6I6)] O.5(C5H12). 
C^sH^BnUr.P requires C 28.70%, H 2.68%. Found: C 28.30%, 
H 2.70%
|(PPh3)2IrH2(L)„]|BArF4] 4c (L =  CH2C12 or agostic interaction).
This compound was prepared in a manner analogous to that used
for compound 1c using CD2C12 solvent. Characterisation was by 
in situ NMR spectroscopy.1H NMR 0/ppm  CD2C12 298 K) 7.71 — 
7.11 (m, 42H, ArH), -27.1 (br s, 2H, IrH). 3IP{'H} NMR 0/ppm  
CD2C12 298 K) 25.0 (br s). 'H NMR 0/ppm  CD2C12 180 K 
selected) -26.71 (br s, 1 H), -28.06 (br s, 1 H). ’’PI'H} NMR 
0/ppm  CD2C12 180 K) 26.9 (s), 23.2 (s).
[(PPh3)2HIrH3IrH(PPh3)2J|BArF4] 4d. A solution of 
[(PPh3)21r(COD)][BArF4] (20 mg, 1.18 x 10"5 moles) in CH2C12 
was freeze-thaw degassed and back filled with H2. After warming 
to room temperature the solution was layered with pentane and 
stored at 5 °C to yield yellow crystals (see ESIf for solid-state 
structure). 'H NMR 0/ppm  CD2C12) 8.00-7.13 (m, 72H, ArH), 
—6.63, (br s, 2H, bridging H), —7.63 (br s, 1H, bridging H), 
-22.79 (s, 2H, terminal H). 3,P{'H} NMR 0/ppm  CD2C12) 20.4 
(s), 18.4 (s). "B NMR 0/ppm  CD2C12) —6.6 (s). Microanalysis: 
[(PPh3)2HIrH3IrH(PPh3)2][BArF4]. C104H77B|F24Ir2P4 requires C 
54.27%, H 3.37%. Found: C 54.39%, H 3.34%.
|(PMe2Ph)2Ir(COD)||l-c/oso-CBllH6CI6| 6a. PMe2Ph (83.0 pi, 
0.58 x 10~3 moles) was added to a stirred suspension of 
[Ir(COD)Cl]2 (0.100 g, 0.147 x 10“3 moles) in EtOH (10 cm3) 
and the resulting deep red solution was treated with a solution of 
Ag[CBMH6Cl6] (0.135 g, 0.29 x 10“3 moles) in EtOH (5 cm3). The 
mixture was stirred overnight and the supernant was decanted. 
The remaining solid was dissolved in CH2C12 (5 cm3) and the 
deep red mixture was filtered. The solvent was removed in vacuo 
and the residue was recrystallised by diffusion of pentane into 
a solution of the complex in CH2C12 to give the product as red 
crystals. Yield 0.107 g, 39%. 'H NMR 0/ppm  CD2C12) 7.55-7.32 
(m, 10H, ArH), 4.67 (br s, 4H, COD), 2.56 (br s, 1H, cage CH), 
2.36 (m, 4H, COD), 2.26 (m, 4H, COD), 1.51 [d, /(PH) 8 Hz, 
12H, CH,]. 3,P{'H} NMR 0/ppm  CD2C12) -12.21 (s). "B NMR 
0/ppm  CD2C12) 1.02 (s, IB, BC1), -6.03 (s, 5B, BC1), -23.30 [d, 
/(HB) 243 Hz, 5B, BH], Microanalysis: [(PMe2Ph)2Ir(COD)][l- 
c/0J0-CB„H*C16] QjH.oBnCUr.P, requires C 32.41%, H 4.35%. 
Found: C 32.6%, H 4.5%.
|(PMe2Ph)2lr(COD)||l-c/0S0-CB,,H6Br6| 7a. This compound 
was prepared in a manner analogous to that used for compound 
6a. Yield: 0.205 g, 38%. 'H NMR 0/ppm  CD2C12) 7.61-7.28 (m, 
10H, ArH), 4.60 (br s, 4H, COD), 2.52 (br s, 1H, cage CH), 2.25 
(m, 4H, COD), 2.14 (m, 4H, COD), 1.46 [d, /(PH) 18 Hz, 12H, 
CHj], 31P{'H} NMR 0/ppm  CD2C12) -10.98 (s). "B^H} NMR 
0/ppm  CD2C12) -0.93 (s, IB, BBr), -9.08 (s, 5B, BBr), -19.46 (s, 
5B, BH). Microanalysis: [(PMe2Ph)2Ir(COD)][l-c7o<?0-CBuH6Br6] 
C25H40B11Br(;Ir]P2 requires C 25.0%, H 3.4%. Found: C 25.2%, H 
3.4%.
| ( P M e 2P h ) 2I r ( C O D ) ] | l - c / 0 « 0 - C B ,1H 64 ]  8a. This compound 
was prepared in a manner analogous to that used for compound 
6a. Yield: 0.087 g, 36%. 'H NMR 0/ppm  CD2C12) 7.52-7.39 (m, 
10H, ArH), 4.60 (br s, 4H, COD), 3.05 (br s, 1H, cage CH), 2.82 
(m, 4H, COD), 2.18, (m, 4H, COD), 1.43 [d, /(PH) 10 Hz, 12H, 
CH3]. 3IP{'H} NMR 0/ppm  CD2C12) -12.23 (s). nB{'H} NMR 
0/ppm  CD2C12) -6.54 (s, IB, BI), -14.95 (s, 5B, BI), -19.32 (s, 
5B, BH). Microanalysis: [(PMe2Ph)2Ir(COD)][]-c/aw-CBnH6I6] 
QjH^BnClJr.P, requires C 20.3%, H 2.7%. Found: C 20.0%, H 
2.8%.
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(PMe2Ph)2IrH2(l-c0s0-CB,,H6Br6) 7b. This compound was 
prepared in a manner analogous to that used for compound lb and 
was characterised in CD2C12 solution. 'H NMR 0/ppm  CD2C12 
298 K) 7.70-7.36 (m, 10H, ArH), 2.56 (br s, 1H, cage CH), 1.65 
(s, 12H, CH3), -25.81 (t, /(PH) 28 Hz, 2H, IrH). 3IP{'H} NMR 
0/ppm  CD2C12 298 K) -18.20 (s). UB{'H} NMR 0/ppm  CD2C12 
298 K) 2.8 (1 B), -7.5 (1 B), -9.9 (2 B), -20.6 (7 B, coincidence). 
31P{'H} NMR 0/ppm  CD2C12 240 K) -17.51 (s), -17.60 (s). 
3,P{'H} NMR 0/ppm  CD2C12 180 K) -15.91 [d,/(PP) 340 Hz], 
-18.28 [d, /(PP) 340 Hz],
(PMe2Ph)2IrH2(l-c/os0-CB„H6l6) 8b. This compound was 
prepared in a manner analogous to that used for compound 7b. 
Crystals suitable for X-ray diffraction were obtained by diffusion 
of pentane into a solution of the compound in CH2C12. 'H NMR 
0/ppm  CD2C12 298 K) 7.61-7.19 (m, 10H, ArH), 2.56 (br s, 1H, 
cage CH), 1.51 (s, 12H, CH,), -25.81 [t, /(PH) 28 Hz, 2H, IrH], 
3IP{'H} NMR 0/ppm  CD2C12 298 K) -31.74 (s), -31.77 (s). 11B 
NMR 0/ppm  CD2C12 298 K) -5.8 (br s, IB, BI), -14  to -22 
(br, 10B, 5 x BI and 5 x BH). 'H NMR 0/ppm  ^-toluene 298- 
395 K) 7.40-6.95 (m, 10H, ArH), 2.32 (br s, 1H, cage CH), 1.84 
(d, /(PH) 52 Hz, 12H, CH,), -21.12 (t, /(PH) 15 Hz). 3IP{'H} 
NMR 0/ppm  / s-toluene 298-395 K) —37.6 (s). "B NMR 0/ppm  
/,-toluene 298-395 K) -6.0 (2 B), -14.5 (1 B), -15.5 (1 B), -16.4 
(2 B), -17.9 (2 B), -19.4 (1 B), -21.9 (2 B).
[(PPh3)2Ir(COD)||l-c/0S0-HCBMMe5l6] 9. A solution of PPh, 
(0.078 g, 2.97 x 10-4 moles) in ethanol (3 cm3) was added dropwise 
with stirring to a suspension of [Ir(COD)Cl]2 (0.050 g, 7.44 x 
10“s moles) in ethanol (1 cm3) giving a red solution. Csfl-c/o.w- 
HCBnMe5I6] (0.164 g, 1.49 x 10-4 moles) in ethanol (3 cm3) was 
added to the solution giving a red precipitate. The solvent was 
removed in vacuo and the residue partially redissolved in CH2C12. 
The mixture was filtered. The complex was obtained as red crystals 
by diffusion of pentane into a solution of the compound in CH2C12 
solution. Yield, 0.173 g, 65%. 'H NMR 0/ppm  CD2C12) 7.49- 
7.18 (m, 30H, ArH), 4.19 (s, 4H, COD), 2.67 (br s, 1H, cage 
CH), 2.31 (m, 4H, COD), 1.97 (m, 4H, COD), 0.27 (s, 15H, 
cage Me). 3,P{'H} NMR 0/ppm  CD2C12) 17.7 (s). "B NMR 
0/ppm  CD2C12) —8.7 (s, 6B, 2-5, 12 positions), —16.4 (s, 5B, 
7-11 positions).
Ir(PPh3)H2(l-c/0S0-HCBnMe5lA) 10 and |(PPh3)3Ir(H2)H2]|l- 
c/0S0-HCB„Me5I6] 11. A solution of [(PPh,)2Ir(COD)][l-c/<m>- 
HCB,|Me5I6] (10 mg, 5.57 x 10“* moles) in CD2C12 was freeze- 
thaw degassed and back filled with H2 at —196 °C. On warming 
to room temperature the solution changed from red to colourless. 
The two products formed (10 and 11) were characterised in situ by 
NMR spectroscopy.
10. 1H NMR 0/ppm  CD2C12 298 K) 7.84-6.59 (m, 15H, ArH), 
2.96 (br s, 1H, cage CH), 0.31 (s 15H, cage Me), —22.21 (br d, 
/(PH) 18 Hz, 2H, IrH). 3IP{'H} NMR 0/ppm  CD2C12 298 K) 
18.6 (s). 11B NMR 0/ppm  CD2C12 298 K) -8.7 (s, 6B, 2-5, 
12 positions), —16.4 (s, 5B, 7-11 positions). 'H NMR 0/ppm  
CD2C12 240 K selected) 0.38-0.18 (overlapping cage Me signals, 
total integral 15H), —21.9| (t indicates major, asymmetric isomer 
(80%)) (dd, /(PH) 18 Hz, /(HH) 7 Hz, 1H, IrH), —22.1 f (dd, 
/(PH) 18 Hz, /(HH) 7 Hz, 1H, IrH), -22.3§ (§ indicates minor, 
symmetric isomer (20%)) (d, /(PH) 18 Hz, 2H, IrH). 3IP{‘H} 
NMR 0/ppm  CD2C12 240 K) 19.7§ (s), 19.lt (s).
11. 1H NMR 0/ppm  CD2C12 298 K) 7.84-6.59 (m, 45H, ArH), 
2.67 (br s, 1H, cage CH), 0.28 (s 15H, cage Me), -7.93 (br s, 4H, 
Ir(H2) and IrH). 3IP{'H} NMR 0/ppm  CD2C12 298 K) 5.1 (s). 
"B NMR 0/ppm  CD2C12 298 K) -8.7 (s, 6B, 2-5, 12 positions), 
— 16.4 (s, 5B, 7-11 positions). 'H NMR 0/ppm  CD2C12 180 K 
selected) —8.1 (br s, 4H, Ir(H2) and IrH). 3IP{'H} NMR 0/ppm  
CD2C12 180 K) 6.9 (d, /(PP) 14 Hz, 2P), 2.6 (t, /(PP) 14 Hz, IP).
Cyclohexene hydrogenations
In a Schlenk tube 2.96 x 10-6 moles of catalyst precur­
sor, [(PR3)2Ir(COD)][X] (where R =  Ph or Me2Ph and X = 
[CB„H6C16]-, [CBnH6Br6]",]“, [CB„H6I6]- or [BAr4F]-), was 
dissolved in 5 cm3 CH2C12. The solution was hydrogenated under 
1 atmosphere of hydrogen and left stirring for 30 min. The 
solution was cooled in an ice bath to 1 °C and 100 equivalents of 
cyclohexene (30 pi) were added. The solution was left stirring and 
a sample taken at regular intervals for GC analysis. For catalyst 
recycling studies the same method was used except the reaction 
was carried out in a vial and at room temperature. For water 
contamination studies, 2.5 pi water was added to the Schlenk tube 
with the cyclohexene and the reactions were carried out at room 
temperature. Oxygen sensitivity experiments were performed by 
adding 3 x 1 0  cm3 of air to the solution via syringe.
X-Ray crystallography
Intensity data for all structures were collected at 150 K on a Nonius 
KappaCCD diffractometer equipped with a low temperature 
device, using graphite monochromated MoKa radiation (A =  
0.71070 A). Data were processed using the Nonius Software. 
For 3b, 8b and 4d a symmetry-related (multi-scan) absorption 
correction was applied. Crystal parameters and details on data 
collection, solution and refinement for the complexes are provided 
in Table 6. Structure solution, followed by full-matrix least 
squares refinement was performed using the WINGX-1.70 suite 
of programs throughout.51 The structure of lb was derived from 
a very weak data set, and diffraction ceased beyond 0 = 23°. 
The resulting Rml was very poor and absorption correction using 
SORTAV (multi-scan from symmetry-related measurements) was 
not used. Most of the non-heavy atoms were refined isotropically 
and the phenyl rings were restrained. The whole structure though 
is chemically correct and is in full accord with the solution 
structure. For 3b the asymmetric unit contains two independent 
cation-anion pairs and 1.5 molecules of disordered CH2C12. The 
occupation factor of the CH2C12 solvent molecules is 50 : 50 and 
25 : 25. The bond lengths in CH2C12 C90, C l00 and Cl 10 were 
idealised. The hydride atoms binding to iridium where located and 
refined. The same applies to the hydride atoms in 8b. For 4d (see 
ESIf) the asymmetric unit also contains 1.5 molecules of CH2C12 
solvent. One fully occupied but disordered and one 50% occupied. 
The latter was refined with idealized bond lengths. A third solvent 
molecule was modelled as pentane, nestled around a centre of 
inversion with 50% occupation. All bond lengths in the pentane 
molecule were idealised with equalised temperature factors.
CCDC reference numbers 618589-618592.
For crystallographic data in CIF or other electronic format see 
DOI: 10.1039/b612049k
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Table 6 Crystal data, data collection and refinement parameters for lb, 3b and 8b
lb (C„H5F) 3b 0.75(CH2C1:) 8b
Empirical formula C4,H 4 1 BnCLFP,Ir C37 7jHi9 ?B| 1 Cl 1.5UP 2 Ir C,7 H,0 B„I6 P2Ir
M /g  mol' 1 1162.51 1680.82 1368.86
Crystal colour Pale yellow Colourless Colourless
Crystal size/mm 0.2 x 0.1 x 0.05 0.25 x 0.18 x 0.1 0.7 x 0.5 x 0.4
Crystal system Monoclinic Triclinic Monoclinic
Space group C2/c (no. 15) P\ (no. 2) P 2 Jc  (no. 14)
a / k 35.046(4) 15.7320(1) 13.7370(2)
h / k 13.0180(17) 16.9620(2) 15.3900(2)
c / k 23.823(3) 20.4250(2) 17.5500(3)
a /° 71.1460(5)
fi/° 97.571(8) 79.1740(4) 105.952(1)
y /° 88.9060(4)
v / k 10774(2) 5061.02(8) 3567.41(9)
z 8 4 4
Dc/g  cm ' 3 1.433 2.206 2.549
//(M o-Ku)/m m _l 2.869 6.469 9.036
/r(0 0 0 ) 4576 3086 2448
20 range / 0 6-46.5 10.5-57.5 6-61
Collected data 98000 95782 30251
Unique data (I > 2oI) 6821 (/?,,„ =0.554) 25937 (R,„, =  0.0782) 10736 (Rmt =  0.0559)
Refined parameters 373 1131 350
Min., max density/e A - 3 -1.144,2.754 -2.531, 1.913 -1.699, 1.935
R xa ( /  > 2oI) 0.1691 0.0372 0.0344
wRS  (/ > 2a/) 0.3706 0.0869 0.0851
G O P 1.076 1.037 1.133
=  E l l ^ o l  -  l / y / E l ^ . l - 4 wR* =  {X > '(7v  -  F ? ):] / £ M f v ) 2]},/2- r GOF = S  = {E [u -(/v  -  Fc2f V ( n  - p ) ) ' /2.
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Reaction of [Ir(PPh3)2(COD)]jBArK4] with H2 in dichloro­
ethane solution results in (Ir(PPh3)2(H)2(ClCH2CH2CI)]- 
|BArf4], which has been fully characterised by X-ray crys­
tallography, NMR spectroscopy and ESI-MS. Its activity 
towards alkene hydrogenation has been compared with anal­
ogous CH2C12 complexes.
Cationic late transition metal complexes partnered with weakly 
coordinating anions such as [BArh4] {Arh =  C6H3(CF3)2} play 
an important part in the landscape of catalysis.1 providing systems 
that are useful for a number of important reactions such as 
hydrogenation,2 cyclisations3 and cycloaddition reactions.4 As well 
as depending on the weakly coordinating properties of the anion, 
the success of such systems also lies in the choice of solvent. 
Strongly coordinating solvents (such as acetonitrile or THF) can 
attenuate activity as they preferentially bind over substrates, while 
the charged nature of the catalysts means that a solvent of a 
suitably high dielectric constant has to be used.2" *' Thus weakly co­
ordinating chlorinated solvents such as CH2C1: and C1CH:CH:C1 
are most often used in these systems. Even though solvent 
bound complexes are often implicated in catalytic cycles definitive 
characterisation of such species is often difficult, a consequence 
of the weak binding of solvent ligands to metal centres. Although 
well characterised transition metal complexes CH;CT are known;5 
surprisingly, to our knowledge, no transition metal complexes of 
C1CH;CH;C1 (DCE) have been definitively characterised although 
silver(i),6 Tl(i)7 and Cs(i)K complexes have been reported.
Given that DCE is a common solvent for catalysis by late 
transition metals, often as a substitute for CH;CI; where a higher 
temperature is required (such as in hydrogenation,9 oxidation10 and 
hydroacylation") the characterisation of a complex interacting 
with this solvent would be useful. Herein we report the synthesis 
and full characterisation of such a complex, [Ir(PPh,):(H):- 
(C1CH:CH;C1)][BAC4] including a solid-state structure (Fig. 1).
The complex [Ir(PPh3);(H)2(ClCH;CH:Cl)][BArh4], 1. was 
synthesised by hydrogenation of [lr(PPh,);(COD)][BArh4] in 
dichloroethane solution and has been fully characterised by X- 
ray crystallographyX, NMR spectroscopy and ESI-MS.§ In the 
solid state, complex 1 has a six coordinate, octahedral, iridium 
centre with the P Ir P angle of 165.577(15)° comparable to 
166.5(2)° in the analogous complex [(PPh3)2IrH2(C6H4I:)]\12 The 
dichloroethane is bound to the iridium centre via both chlorine 
atoms with Ir-Cl distances of 2.5289(5) and 2.5329(5) A. These 
are shorter than the Ir-Cl bond length of 2.816 A for the
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Fig. 1 Solid-state structure o f  [Ir(PPh,);H:(G C H ;CH :Cl)][BAr‘ 4] (an­
ion and selected hydrogen atom s omitted for clarity). Ellipsoids are shown 
at the 50% probability level. Selected bond lengths (A) and angles (°): 
Ir P 2.3136(4), 2.3145(4), Ir-H  1.43(2), 1.49(2), Ir-Cl 2.5289(5),2.5329(5), 
H Ir H 87.2(12), P Ir P 165.577(15). C l-Ir-C l 81.437(17).
complex [(PNP)IrH(C*H4Cl)]+ (where PNP = 2,6-bis-(di-/er/- 
butyl phosphino methyl)pyridine and in which the chloro is ortho 
to the Ir C bond),13 possibly due to less ring strain in complex 1. 
It is, however, comparable to the Rh-Cl bond length of 2.488(1) 
A in the compound [Cp*(PMe,)RhMe(CH:Cl;)][BArH4].5</
Complex 1 in DCE solution at 298 K shows a single resonance 
in the ;'P{'H} NMR spectrum at 6 19.1 ppm. In the 'H NMR 
spectrum a hydride resonance is observed at 6 —23.84 ppm as a 
triplet (/(PH) 15 Hz]. There is no observed change to the NMR 
spectra on cooling the sample to 240 K. Similar compounds of the 
formula [(PPh,)2IrH2(C6H4X2)]+,12 where X =  Cl, Br or I, show 
that the hydride chemical shift varies according to the identity 
of the trans halogen. For comparison, in the dichlorobenzene 
complex the hydride chemical shift is <i> —20.8 ppm compared to 6 
— 16.5 ppm for the diiodobenzene complex.
When crystals of 1 are dissolved in CD2C12 solution at 298 K the 
observed 'H NMR spectrum suggests that a fluxional process or 
equilibrium is taking place as the hydride resonance is broadened 
considerably and shifted upfield to i> —25.08 ppm. There is a 
broad signal observed at 6 3.23 ppm corresponding to DCE. In 
the 51 P{1H} NMR spectrum the phosphorus resonance is now 
observed at S 21.4 ppm and is also broad. On cooling to 270 K 
in the H NMR spectrum the hydride resonance splits into two
This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 1759-1761 | 1759
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Scheme 1 Temperature dependant equilibrium between complexes 1 and 2 in C H 2C1? solution.
broad peaks as does the DCE resonance. Further cooling to 
220 K resolves the two hydrides into triplet resonances at <5 —23.12 
and —25.29 ppm [T(PH) 15 Hz] in approximately a 12 : 1 ratio. 
The signal for the DCE methylene protons resolves into two 
sharp singlets at this temperature which we assign to free and 
metal-bound DCE. The 51 P{1 H} NMR spectrum also shows two 
peaks at S 23.2 and 19.7 ppm in the same ratio. We assign the 
major compound in solution at low temperature as the DCE 
complex (1) (Scheme 1). The minor compound in solution is 
assigned as the CH2C1: complex [(PPh,)2IrH2(CH2Cl2)„][BArF4], 2, 
previously observed on hydrogenation of[Ir(PPh-,);(COD)][BArF4] 
in CD2C12h (n= 1 or 2, see ESIf also). The relative integrals for 
both compounds change reversibly with temperature indicating a 
dynamic equilibrium.
In order to determine the relative binding strengths to the 
{lr(PPh();H:}* fragment of CH2CI2 versus DCE the relative ratios 
of complexes 1 and 2 were measured over the temperature range 
250-210 K. A van’t Hoff plot (Fig. 2) was constructed, from which 
AH' = +18.5 ± 1.5 kJ m o l 1. AS = +8.6 ± 6.7 J K 1 mol 1 and 
A(?'(298) =  +16.0 ±  3.5 kJ mol 1 were derived.15 The positive 
value for AH indicates that complex 1 is enthalpically favoured 
over complex 2, i.e. DCE binds more strongly than DCM. AS is 
positive but small, as might be expected.
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Fig. 2 Van't H off plot for the equilibrium between 1 and 2.
Com plex 1 is m ore stable to  d ecom position  than com plex 2. 
Previous attem pts to crystallise com plex 2 from CH;C1: solvent 
have resulted in the isolation  o f  the hydride-bridged dimer 
[(P PhihH IrH ,IrH (P Ph,);][B A rh4]14 whereas crystals o f  com plex 1 
were obtained from a solution  o f  the com plex in DCE, suggesting  
the com plex is significantly m ore stable in this solvent. There has 
also been no evidence for dimer form ation from the NMR studies 
on 1 undertaken in CH2C12. With this in mind it was o f  interest 
to see if  com plex 1 was an active hydrogenation catalyst16 and if 
so  how its activity com pared to com plex 2, which has the weaker
bound CD;CI; molecule. The substrate used was methylcyclohex- 
1-ene.
As shown in Fig. 3 complex 1 is active towards methylcyclo- 
hexene hydrogenation, but very much slower than complex 2. This 
indicates that the DCE binds too strongly with the cationic iridium 
centre to allow the catalysis to take place at an appreciable rate. 
This is similar to the effect previously observed by partnering the 
[(PPh,)2lrH2]+ cation with the [c7ow-CBnH6I6]^  anion.14 In this 
case it is the anion which binds too strongly to the iridium for 
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Fig. 3 Relative rates of hydrogenation of methylcylcohex-1-ene using 
[Ir(PPh,):(COD)][BArF4] precatalyst in CH;C1, (complex 2) and DCE 
(complex 1) solutions. Conversions measured by GC. See ESIt for 
conditions.
In conclusion, we have presented a well characterised complex 
of dichloroethane and have also demonstrated that this solvent 
forms stronger adducts with a cationic transition metal fragment 
than does C H 2C12. This has a negative impact on the catalytic 
rate in the hydrogenation of a hindered olefin, but this is 
counterbalanced with the improved resistance to decomposition. 
This further underlines the inverse correlation that can often 
exist between catalytic activity and catalyst robustness and makes 
dichloroethane a sensible choice of solvent over C H ;C1: when 
activity is less a concern than catalyst longevity.
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